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Abstract

This thesis describes the investigation of the solution phase interactions, and resulting

coordination-, thermo- and tribo-chemistry, in binary antiwear (Zinc Dialkyl Dithio-

Phosphate – ZDDP) and organic friction modifier (OFM) additive formulations. The

work probed in particular, the importance of OFM structure in dictating the thermolysis

and tribochemical performance of ZDDP-OFM formulations, with the aim of facili-

tating the selection or design of optimal additive combinations for engine lubricant

applications. In this regard, Chapter 1 provides an introduction to the fundamentals

of lubricant chemistry and lubricant formulation, with Chapter 2 briefly reviewing the

current drivers that necessitate a more scientific approach to developing next-generation

lubricant formulations.

Chapter 3 describes the investigation of model ZDDP-pyridine interactions, whereby

the pyridine scaffold served as an easily tunable N-donor moiety. Both 1:1 and 1:2

ZDDP-Py’ complexation reactions were identified, both of which occur via nitrogen-zinc

coordination. Quantification of the contribution of steric (%Vbur) and electronic factors

(pKaH) on the propensity of solution complexation (Ka), was achieved using 31P NMR

spectroscopic titration data. Complexation was accompanied by a significant change

in the zinc-bound dithiophosphate (DTP) binding mode, something that was monitored

using Raman spectroscopy.

Chapter 4 identified that the nature of ZDDP-OFM interactions mirror those found in the

previously studied ZDDP-Py’ systems (via zinc-nitrogen complexation that is accompa-

nied by a significant change in DTP binding bode). X-Ray crystallographic analysis of

[Zn{κ1-S-S2P(OiBu)2}2(C18-NH2)2] (7) unequivocally identified both the nitrogen-zinc

coordination pathway and the OFM-induced change in binding mode previously inferred



v

from solution 31P NMR spectroscopic data. The use of Raman spectroscopy for diag-

nosing DTP binding modes for ZDDP-OFM complexes was verified using the molecular

structure of 7. Subsequent 31P NMR spectroscopic studies of other ZDDP-OFM combi-

nations demonstrated that the strength of ZDDP-OFM solution interactions were highly

dependent on the steric demands and presence of additional OFM donor sites.

Chapter 5 describes the impact of the complexation reactions discussed, on the thermol-

ysis and tribological performance of ZDDP-OFM systems. Thermal degradation path-

ways were monitored using 31P NMR spectroscopy, while the tribological performance

was assessed using the mini traction machine-space layer interferometry method (MTM-

SLIM). The presence of amine-functional OFMs was observed to enhance the rate of

ZDDP thermal degradation in all cases studied, with the extent of the rate enhancement

observed correlating with the strength of ZDDP-OFM interaction. Subsequently, it was

found that the ZDDP tribofilm formation rate did not correlate to the observed thermal

stability in ZDDP-OFM systems.

Chapter 6 explored some possible alternative synthetic methods for the preparation of

zinc dialkyl diselenophosphates in an attempt to make use of the additional 77Se NMR

spectroscopic handle that they would provide. Finally, in Chapter 7, the results obtained

in Chapters 3-5 are described in a holistic manner, with the benefits of studying simpli-

fied single-component ZDDP-additive systems highlighted.
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Glossary

Some of the terminology commonly used in the oil and lubricant industries is not as

readily recognised within the chemistry field. The following therefore outlines defini-

tions of such expressions.

Additive Package - A pre-formulated mixture of lubricant additives that is subsequently

blended with a base oil (and potentially other additives) to give a fully formulated

lubricant.

Base Oil - Mineral or synthetic base oil that an additive package is blended with to form

a finished lubricant.

Cloud Point - The temperature at which paraffin wax or other solids begin to crystallise

in a base oil, imparting a cloudy appearance.

Lubricant - Any substance interposed between two surfaces in relative motion for the

purpose of reducing friction and wear.

NOACK Volatility - Standard test method (ASTM D5800) that determines the evapora-

tion loss of lubricants in high temperature service. Found to correlate to oil consumption

in passenger cars.

Pour Point - The lowest temperature at which a fluid will pour or flow.

Solvency - An oil’s ability to dissolve polar additives.

Tribocontact - Collective term referring to rubbing components and their constituent

contacting surfaces, together with any lubricant and other materials (wear debris, con-

taminants etc.) present in the interacting environment.

Tribofilm - Thin surface films generated as a consequence of sliding contact.

Viscosity Index (VI) - Relationship between the viscosity of a fluid and temperature.

A high VI indicates that a fluid’s viscosity is not as severley reduced by increasing

temperature.

Wear - Progressive loss of material from the surface of a contacting body as a result of

mechanical processes.



Chapter 1

An Introduction to Lubricant

Chemistry

1.1 Tribology

Tribology is the science and technology of friction, wear and lubrication, derived from

the Greek word tribo, meaning “I rub”. The term was originally coined in a British study

in the mid-1960s (The Jost Report), which highlighted the annual monetary loss in the

UK ascribed to the consequences of friction and wear.1 More precisely, tribology is the

study of interacting surfaces in relative motion and spans multiple disciplines including

chemistry, physics, mechanical engineering and materials chemistry.

In the field of tribology, tribocontact or tribosystem are collective terms referring to rub-

bing components and their constituent contacting surfaces, together with any lubricant

and other materials (wear debris, contaminants, etc.), present in the interacting envir-

onment. A tribosystem is characterised by its operating conditions (e.g. load, velocity

and type of motion), environmental conditions (e.g. temperature, humidity) and material

parameters (e.g. surface material, hardness and surface roughness), Figure 1.1.
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Figure 1.1: Summary of parameters affecting tribosystems. Adapted from ref. 2.

Tribology is a comparatively new branch of science that is essential in understanding the

role of lubrication in automotive technologies. Hence, in the forthcoming chapter a brief

introduction to the fundamental concepts of tribology, with a particular emphasis on its

relationship to automotive lubrication, are presented.

1.1.1 Friction

Friction can be formally defined as the resistance a body meets while moving over

another body in respect of transmitting motion.3 The friction coefficient µ is defined

in terms of the frictional force between two bodies (FF ) and the normal force pressing

the same two bodies together (FN ) and may be written as:

µ =
FF
FN

Automotive technologies for transportation unsurprisingly involve mechanical motion.

Naturally this entails variable degrees of contact between surfaces, often under extreme

conditions. Contact between surfaces in relative motion inevitably produces a force that

resists this motion; this force is friction. In terms of an internal combustion engine, fric-

tion is an undesired phenomenon that causes wear (Section 1.1.3) of various mechanical
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components, in addition to contributing significantly to energy losses (Fig. 1.2).

Figure 1.2: Breakdown of energy consumption in a typical passenger car. Reproduced
with permission from ref. 4.

Indeed losses due to friction in an internal combustion engine constitute nearly 12%

of the total fuel energy consumed; such losses occur in bearings, valve trains, piston

assemblies, as well as from pumping and drag-related viscous losses.4 It should be noted

that while energy losses arising via viscous dissipation are strictly not friction losses,

they are included here as viscosity is an extremely important parameter in automotive

lubrication, contributing to fuel economy, friction and wear.

Transportation accounts for around 20% of the global primary energy consumption and

around 18% of the anthropogenic greenhouse gas emissions.5 Given that road transport

accounts for 76% of this energy use and over 80% of the CO2 emissions,6 it is clear even

relatively small improvements in engine efficiency would result in a substantial reduction

in fuel consumption and thus emissions. In terms of mechanical losses (piston assembly,

bearings, valve train and pumping losses) it has been estimated that a reduction in such

losses of approximately 10% could lead to reductions in fuel consumption in excess of

1.5%,4 and while this may seem relatively modest at best, when the scope of such an

improvement is considered the significance is quickly realised.

In the absence of modifying engine design, friction (and wear) can be reduced primarily

via surface modification/coating, and/or through the use of a conventional liquid lubric-
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ant. The entirety of this thesis is confined to the latter scenario.

1.1.2 Lubricants and Lubrication

Lubrication can be defined as a process employed to control friction and wear between

contacting surfaces in relative motion, by interposing a substance between them, namely

a lubricant.3 In this thesis the terms lubricant and oil are used interchangeably, but differ

from the terms base oil and base fluid. Lubricant and oil pertain to finished lubricants,

that is, they comprise base oil plus additives.

Friction and wear reduction between surfaces are unquestionably the primary, but not the

only, functions required from a commercial lubricant. For engine applications a lubricant

is required to perform a diverse array of functions, which include:3

Lubrication

The reduction of friction and wear - A lubricant essentially minimises surface-to-surface

contact and reduces the force necessary to move a surface past another, thus reducing

energy consumption and wear.

Cooling

Heat transfer - A lubricant is required to act as a heat sink to dissipate heat effectively

away from critical components. The heat can be frictional heat or conducted and radiated

heat, resulting from close proximity to a combustion source.

Cleaning and Suspending

Removal and suspension of potential harmful products, such as dirt and wear debris,

ensuring component surfaces remain clean. This function is particularly important in

operations that involve high temperature, such as that encountered in internal combustion

engines.

Protection

Prevents metal damage due to oxidation, corrosion and wear. This is achieved by form-

ation of protective films that are impervious to oxygen, water and acids
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Transfer Power

Lubricants are used as a power transfer medium for some applications, such as in hy-

draulic systems. The lubricant is used to transmit force and motion from a single source

to multiple sources.

1.1.2.1 Lubrication Regimes

In liquid lubrication, four distinct lubrication regimes are observed, and are defined by

the relative thickness of the lubricant film interposed between component surfaces, to

the surface roughness of such surfaces.7 The distinct regimes are most conveniently

represented graphically using a Stribeck curve (Fig. 1.3), which displays the variation in

friction coefficient as a function of the dimensionless, Hersey number.7,8

Figure 1.3: Stribeck curve displaying distinct lubrication regimes and associated
lubricant film thickness. The x-axis on both plots are equivalent, but omitted on the
top graph for clarity. Adapted from ref. 8.

The obvious conclusion from the Stribeck curve is that minimal friction is achieved when

components operate in the elastohydrodynamic regime. However it is also apparent that

when operating at the conditions associated with the minimum on the curve, the slightest

change in contact conditions can result in a drastic increase in friction associated with
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the transition away from the elastohydrodynamic regime into the mixed regime. The

conditions associated with each lubrication regime are described below and summarised

schematically in Figure 1.4.

Figure 1.4: Schematic comparison of different lubrication regimes. Adapted from ref. 9.

Hydrodynamic Lubrication

In this regime, the two surfaces are completely separated by a continuous fluid film that

supports the entirety of the contact load. As a result there is negligible contact between

asperities (microscale protrusions) and thus friction arises only from the shearing of the

lubricant; friction arising from shearing of the lubricant is directly relate to the lubricant

viscosity.7,10

Elastohydrodynamic Lubrication

Elastohydrodynamic lubrication (EHL) is a form of hydrodynamic lubrication, associ-

ated with non-conformal surfaces (low contact area), where elastic deformation of the

lubricated surfaces becomes significant. For contacts of high elastic modulus such as

metals (hard EHL), elastic deformation and pressure-viscosity effects are equally im-

portant. The local elastic deformation (flattening) of surfaces enlarges the load-bearing

area producing coherent fluid films where asperity contact is negligible; thus friction

arises due to shearing of the lubricant.7

Mixed or Partial Lubrication

As implied by the name, this regime is governed by behaviour that is characteristic of

both EHL and boundary lubrication regimes. Here, the lubricant film is thin enough to

be penetrated by asperities giving rise to some asperity contact. However, the contact

load is supported both partially by the lubricant and the contacting asperities.7,10
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Boundary Lubrication

Under boundary lubrication conditions a considerable level of asperity contact occurs

with the lubricant exhibiting minimal load-bearing capacity. Bulk properties of the

lubricant, such as viscosity, are of little importance within this regime. Rather, the

chemical and physical properties of substrate surfaces and thin surface films (tribofilms),

dictate the level of friction and wear.7

1.1.3 Wear

Wear can be defined as the progressive loss of material from the surface of a contacting

body as a result of mechanical processes, i.e. the contact and relative movement of a

contacting solid, liquid or gas to the body.8 Wear and friction are intimately related,

with wear occurring as an almost inevitable consequence of friction, and while usu-

ally detrimental, in mild form, wear can be beneficial, e.g. during running-in (Section

1.1.3.1).

Multiple wear processes can occur simultaneously with the dominant mode of wear

being subject to fluctuation as a result of the wear process itself. In addition, the multi-

parameter sensitivity of the degree of wear highlights the need to understand the various

wear processes that could occur in relation to system parameters. This sensitivity also

highlights that wear is not a material property, but rather a system response. In other

words, component operating conditions, as well as the nature of the material, affect

the degree of wear. Four fundamental and widely recognised modes of wear exist:

adhesive, abrasive, corrosive and fatigue wear, each of which will be briefly outlined

in the forthcoming section.11

Adhesive Wear

Adhesive wear can be described as the localised welding of surface asperities in relative

motion. When surface asperities come into contact under load, if sufficient heat is gener-

ated, micro-welding of the two contacting asperities and subsequent shearing results in

material removal. The broken asperity tip either remains adhered to an opposing surface

or may become entrained in the contact as wear debris and contribute to abrasive wear.
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Metals are particularly susceptible to adhesive wear; for sliding metal contacts if the lub-

ricant present does not provide satisfactory surface separation, adhesion and subsequent

wear are inevitable.

Abrasive wear

This is the most common type of wear occurring in mechanical equipment, it arises due

to the relative motion of either harder asperities or hard particles with respect to a softer

surface. If abrasive wear occurs as a result of hard asperities of a mating surface, this is

termed two-body abrasive wear. If hard, loose particles are present between component

surfaces and cause abrasion of either component surfaces, this is termed three-body

abrasive wear.

The problematic hard particles can originate from chemical (oxidation) or mechanical

processes (wear), or from external contamination. A fundamental relationship exists

between particle size of contaminants, lubricant film thickness and degree of component

wear. The most detrimental particle size of contaminants, in terms of promoting wear,

are particles with a size comparable to the thickness of the lubricant film.12 Other factors

such as hardness and shape also dictate particle abrasivity.

Fatigue Wear

Fatigue wear is surface failure resulting from asperity contact that produces very high

local stresses. Repeated stress cycles cause nucleation and growth of cracks, at or close

to, the substrate surface. Eventually this leads to generation of wear particles from the

fatigue-propagated cracks. Fatigue wear normally occurs when contact conditions are

not severe enough to give adhesive or abrasive wear.

Corrosive Wear

Corrosive wear is a general term relating to the combination of a chemical or corrosive

process and any form of mechanical wear (adhesive, abrasive, fatigue, etc.). When

surfaces are in relative motion, especially in the presence of corrosive materials, reaction

products are formed on the component surfaces mainly by chemical or electrochemical

interaction. If the reaction products formed are more readily worn than the bulk material,

this leads to a greater extent of wear. In isolation, the corrosive action or mechanical
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action may not be too detrimental; it is the combination of a corrosive process and

tribological action (relative motion) that can exacerbate wear. Tribological action not

only serves to remove any reacted material from the surface, it also accelerates chemical

reaction; high temperatures and pressures found in the tribocontact enhance reaction

rate.

1.1.3.1 Stages of Wear

Throughout component life, wear can be categorised into three basic regimes, namely,

break-in, steady state and catastrophic wear (Fig. 1.5).

Figure 1.5: Evolution of wear as a function of time. Adapted from ref. 2.

The break-in, or running-in, stage is often associated with relatively high wear rates,

but as surface asperities are flattened the surfaces become smoother (conformal mating

of surfaces), so the load becomes more favourably distributed and the rate of wear

decreases. For lubricated systems, the break-in period is also associated with the chem-

ical reaction of lubricant components to form surface films, known as tribofilms. Such

surface films are crucial in reducing wear and extending service life. Break-in is usually

brief in comparison to the service life of a component.

After the running-in period, friction and wear will reach a steady-state in which the wear

rate remains almost constant. This corresponds to the useful working life of a component

and is the best regime to study long-term tribological properties. Eventually, steady-state
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wear alters the conditions in the tribosystem such that steady-state wear can no longer be

maintained and the rate of wear drastically increases; this causes severe and irreversible

damage, which is termed catastrophic wear. This signifies the end of the useful working

life of a component, and usually the larger machinery of which it is part.

1.2 Lubricant Formulation

A summary of the fundamental concepts of tribology (friction, lubrication and wear) has

been presented. This has included a description of the many diverse roles a lubricant

must perform. In the upcoming section the constituent components of a lubricant will be

discussed in detail, namely the base oil and additive package.

1.2.1 Base Oil

Originally, and up to the 1930s, base oils, a mineral or synthetic hydrocarbon oil, were

used as the single component of a lubricant formulation. In this role they functioned

to separate moving surfaces, remove heat and minimise friction. However, as base oil

properties became insufficient to meet the greater demands (engine efficiency, durability,

longer drain intervals, etc.) placed on the lubricant, the void between demands and

current performance was overcome primarily through the addition of lubricant additives,

with little change in base oil chemistry. Such additives are used to tailor and/or enhance

particular characteristics of a lubricant in order to meet the performance specific require-

ments for a given application. The topic of lubricant additives will be covered in detail

in Section 1.2.2. The use of lubricant additives remained the only strategy for optimising

lubricant performance for a long time, that was until significant improvements in base

oil technology became available.13 To maximise the performance of modern lubricant

formulations, the base oil, not unlike the additive package, needs to be optimised.

1.2.1.1 Base Oil Characteristics

There are several important parameters to be considered when selecting an optimal base

oil, these include: oxidative stability, viscosity index (VI), pressure-viscosity index,
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low-temperature fluidity, pour point and volatility, The significance of such paramet-

ers is outlined in Table 1.1, specifically in terms of automotive lubrication. Base oil

performance is heavily affected by the concentration and nature of impurities present, of

particular significance is the level of aromatic species present. A high aromatic content

yields a poor quality base oil as i) aromatic species impart oxidative instability to the

base oil, and ii) the viscosity of aromatics is more sensitive to temperature, and thus

their presence lowers the VI of a base oil.3

Table 1.1: Important base oil characteristics.3

Parameter Automotive Significance

Oxidative Stability

Excessive oxidation can result in oil thickening and
the formation of acids (corrosive), sludge and varnish.
Improved oxidative stability equates to longer service life
and better additive stability

Viscosity Index (VI)

A high VI indicates that viscosity is not as severely
affected (reduced) by temperature. The VI of a base oil is
a useful parameter to predict if sufficient protection will
be maintained over a range of service temperatures.

Pressure Viscosity
Index

Describes how an oil’s viscosity varies under load. Useful
for predicting performance in highly loaded contacts.

Pour Point The lowest temperature at which an oil is readily pumped
in an engine.

NOACK Volatility Found to correlate with oil consumption in passenger car
engines.

Once an appropriate base oil has been chosen, based on a consideration of the above

characteristics, then an additive blend will be added to the base oil to provide or enhance

particular properties for a given application. Therefore a further caveat for a base oil is

that it must be able to solubilise any additives under normal service conditions.

Despite the major improvements in base oil properties that results from the removal of

aromatic components, a significant drawback is incurred in terms of solvency. That

is, highly processed oils, containing only trace aromatics, have a diminished ability to

dissolve additives, many of which are polar in character. A similar issue is found when
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using synthetic hydrocarbon oils such as poly(alphaolefins) (PAOs). One way in which

lubricant formulators have overcome this issue is to add back in some polar compounds,

e.g. alkylnaphthalenes. Although this method initially appears counter intuitive in terms

of oxidative stability, if the new aromatic species are more oxidatively stable than the

previously removed aromatics, then the new composition will have superior properties.

Using alkylnaphthalenes containing a tertiary alkyl group, the formulation will have even

better oxidative stability due to the lack of easily oxidisable benzylic protons.14

1.2.1.2 API Base Oil Classifications

Advances in the processing of base oils in the early 1990s meant that lubricant base oils

made by hydrocracking and early wax isomerisation technologies showed favourable,

differentiated performance. The availability of these superior base oils prompted the

API to categorise base oils by their composition (Table 1.2).13

Table 1.2: API base oil categories.15

Group Sulfur Content Saturates Content Viscosity Index (VI)

I > 0.03 wt.% < 90 wt.% 80-119

II ≤ 0.03 wt.% ≥ 90 wt.% 80-119

III ≤ 0.03 wt.% ≥ 90 wt.% ≥ 120

IV All poly(alphaolefins) (PAOs)

V All others not included in above groups

Group I Base Oils

Group I base oils are manufactured by solvent refinement. They are characterised by

high levels of impurities, i.e. aromatics and sulfur.

Group II Base Oils

Group II oils differ from their group I counterparts in terms of containing significantly

lower levels of impurities (≤ 10 wt.% aromatics, ≤ 0.03 wt.% sulfur). This is achieved

via hydroprocessing and results in a base oil that is more inert and forms less oxidation

by-products. Such by-products causes detrimental increases in viscosity and can react
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adversely with additives.13

Group III Base Oils

Group III oils contain the same level of impurities as that of a group II oil, but have a

higher VI. That is, the viscosity of a group III oil is less adversely affected by temperature

in comparison to a group II oil. This higher VI is achieved by increasing the time

or temperature in the hydrocracker, which reduces aromatic compounds to saturated

cycloparaffins, that can subsequently rearrange to normal and branched paraffins. Hy-

drocracking also removes sulfur- and nitrogen-containing species to give a base oil that

is comprised almost exclusively of saturated paraffins.13

Group IV Base Oils

Polyalphaolefins (PAOs) are synthetic hydrocarbon polymers. One of the reasons for

their popularity in the lubricant industry is their similarity to mineral oils, but without

the presence of impurities, such as aromatics, that can impact VI, volatility and oxidation

stability. PAOs have superior low and high temperature properties relative to a mineral

base oil of similar viscosity. Their major application is in automotive engine oils that re-

quire low pour point, low volatility and good thermo-oxidative properties.3 A drawback

is that synthetic oils are typically more expensive than mineral oils.

More recently with advances in the conversion of natural gas to liquids, several commer-

cial Gas to Liquid (GTL) products have also become available, including GTL base oils.

GTL base oils contain almost no sulfur or aromatic impurities, possess extremely high

VIs, have high oxidation resistance, and low volatility. These characteristics make them

perfect candidates for producing high quality lubricants. GTL base oils are primarily

isoparaffinic in nature and typically classified as API Group III, displaying similar or

superior performance to the more traditional Group III oils.3,15

Further background information on base oils and details about the refinement processes

used can be found in a review by Kramer et al. on the evolution of base oil technology.13
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1.2.2 Lubricant Additives

Despite the advances in base oil technologies, it is inconceivable that a base oil alone

could perform all the functions required of a modern day automotive lubricant. There-

fore, lubricant formulators use additive packages to improve and tune the property set of

a lubricant to those required for a given application.

Typically, an additive package makes up 5-25 wt.% of a final lubricant formulation

(Table 1.3), where additive components are classified by their primary function only,

despite some being multifunctional. The nature and properties of each of the components

present, in a representative engine oil additive package, will be described in detail in the

forthcoming section.

Table 1.3: Typical automotive lubricant formulation.16

Function Component Concentration (wt.%)

Base Oil 75-95

Reduce Friction and Wear Viscosity Modifier 0-6

Antiwear Additive 0.5-2

Friction Modifier 0-2

Corrosion Inhibitor 0-1

Contamination and Cleanliness Dispersant 1-10

Dispersant 1-10

Detergent 2-8

Maintain Fluid Properties Pour Point Depressant 0-0.5

Foam Inhibitor 0-0.001

1.2.2.1 Detergents

Detergents have been used in engine oil applications since the 1940s. They are primarily

used to suspend/disperse oil-insoluble species, e.g. soot, sludge and oxidation products,
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and to neutralise acidic contaminants.17 Because of this, detergents control rust, corro-

sion and resinous build up in an engine. The basic structure of such detergents consists of

a surface-active polar head group and an oleophilic hydrocarbon tail, with an appropriate

number of carbons to ensure solubility. The polar head group (commonly sulfonate,

phenate or salicylate) contains a metal cation, typically calcium or magnesium. Histor-

ically, barium was used, however it has gradually been replaced due to environmental

concerns associated with the use of heavy metals. The mechanism by which detergents

suspend oil-insoluble species is via the formation of inverse micelles as depicted in

Figure 1.6.17

Polar
Oxidation
Product

Figure 1.6: Oil suspension of a polar oxidation product by detergent aggregation.

Depending on the level of inorganic base (e.g. metal hydroxide, metal oxide or car-

bonate) used in their synthesis two different types of detergent can be formed. If a

stoichiometric level of inorganic base is used, the detergent is neutral, whereas if an

excess is used the detergent is termed basic or over-based. In over-based detergents,

the excess base is present in colloidal form and can act as a base reserve to neutralise

acidic contaminants, produced during fuel combustion and oil oxidation. Excess base

is stabilised in solution by a monolayer of detergent, where the polar head group is

associated with the basic core (commonly a metal carbonate) and the hydrocarbon tails

extend into the bulk oil (Fig. 1.7).18–20
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Figure 1.7: Neutral and over-based detergents.17

Detergents contain metals, and thus have the potential to form ash (tiny, solid, metallic

salt particles). This is particularly relevant when considering the recent compositional

constraints enforced on lubricant formulations in terms of achieving low sulfated ash,

phosphorus and sulfur (SAPS) contents, a subject that is introduced more thoroughly

in Section 2.1. These restrictions mean that the use of metal-containing additives such

as over-based calcium salts of sulfonates is restricted, and a balance must be struck

between other metal-containing species, e.g. zinc dialkyl(aryl) dithiophosphates (Sec-

tion 1.2.2.8). Reduced detergent levels can somewhat be mitigated through the use of

ashless dispersants (Section 1.2.2.2), but this change can have a significant, potentially

detrimental, effect on other lubricant properties.21

1.2.2.2 Dispersants

In the 1960s ashless dispersants became commercially available. These species have a

similar structure and perform in a similar way to detergents (Section 1.2.2.1), but contain

no metal. Their polar head is derived from an organic functionality, usually comprising

nitrogen- or oxygen-containing moieties, while the tail is hydrocarbon-based. Typically

these two fragments are linked by a connecting group that is most often a succinimide or

phenol group.
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Figure 1.8: Schematic of a typical dispersant molecule.

Dispersants differ from detergents in three significant ways:22

1. Dispersants do not contain metals, and therefore do not form ash upon combustion.

2. Dispersants have little or no acid-neutralising ability. This is because dispersants

do not contain reserves of strong bases, which can neutralise acidic contaminants.

3. Dispersants are typically much higher molecular weight (approx. 4-15 times greater)

than the organic segment of a detergent. This makes dispersants much more

efficient in their suspending and cleaning functions in comparison to detergents.

Dispersants are particularly useful in preventing the agglomeration of soot particles, a

particular problem in diesel engines.23,24 They hinder this agglomeration through a com-

bination of steric and electrostatic stabilisation mechanisms. In addition, they are more

efficient at suspending oil insoluble components at lower temperatures in comparison to

detergents. The dominant dispersant structures in engine oil formulations are based on

succinimides, succinate esters and Mannich bases (Fig. 1.9), with polyisobutylene (PIB)

being the most commonly used hydrocarbon tail.
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Figure 1.9: Chemical structures of some common dispersants molecules.

1.2.2.3 Oxidation Inhibitors (Antioxidants)

Oxidation inhibitors are added to a lubricant to slow the rate of oxidation, in order to

extend service life and lubricant drain intervals. Oxidation of oil leads to the formation

of insoluble sludge, soot and corrosive acids that are detrimental to engine performance.
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The process of hydrocarbon oil oxidation can be described by the well known free-

radical mechanism, which takes place via alkyl and peroxide radicals (Fig. 1.10).15 The

mechanism can be categorised into three steps: initiation, propagation and termination.

Initiation starts the oxidation process via radical formation caused by oxygen. The

propagation step involves radical attack on hydrocarbons, forming new radicals. This

is a chain reaction resulting in an exponential increase in radical formation. The process

is terminated by either radical combination or through the use of antioxidants. There

are three types of antioxidants: radical scavengers (primary antioxidants), peroxide

decomposers (secondary antioxidants) and metal deactivators.25

Initiation

Propagation

Termination

RH R

ROOR + O2

RH+ ROOH + R

ROOH HO+

+ RH ROH + R

+ RH +RHO H2O

R + ROOR

R R+ R-R

RO

RO

ROO

ROO

Figure 1.10: Mechanism of hydrocarbon oxidation.15

Radical scavengers compete effectively with base oil hydrocarbon species to intercept

deleterious free radicals to form hindered, resonance-stabilised radicals, that are not

prone to propagation. Hindered phenols and aromatic amines are the two main classes

of primary antioxidants used in lubricants,3 although ZDDPs are also known to function

as radical scavengers.26

Peroxide decomposers function by converting peroxides to non-radical products, and

hence prevent radical chain propagation. Organophosphorus, organosulfur and com-

pounds containing both phosphorus and sulfur, i.e. ZDDPs, are well known peroxide

decomposers (Fig. 1.11).3
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Transition metal ions are able to catalyse both radical initiation and hydroperoxide de-

composition via a redox mechanism.27 The activation energies for such processes are

lowered and thus, initiation and propagation occur at lower temperatures. Metal deac-

tivators are used to suppress this phenomenon and reduce the catalytic activity of metals

present. Two functioning mechanisms are known, surface passivators and chelators.25

Surface passivators act by forming protective layers on a metal surface (e.g. ZDDP)

and thus prevent metal-hydrocarbon interaction, and simultaneously serve to minimise

corrosive attack. Chelators, in comparison, function in the bulk and trap metal ions to

form inactive species or species with significantly diminished activity.

H
N

R R
R

OH

Radical Scavengers
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Figure 1.11: Chemical structures of common antioxidants.

1.2.2.4 Rust and Corrosion Inhibitors

Rust and corrosion inhibitors prevent corrosion and rusting of metal surfaces that are

in contact with the lubricant. Rust/corrosion inhibitors can function by two mechan-

isms, film formation and acid neutralisation.3 Acid-neutralising agents simply neutralise

acidic contaminants and render them innocuous. In contrast, film-formers generate

protective surface films by physical or chemical adsorption and thereby isolate the metal

surface from the attack of harmful species. For engine oil applications, multifunctional,

over-based sulfonates that are primarily deployed as detergents (Section 1.2.2.1), fulfil

the corrosion inhibition needs of the system.28 Such detergents function by both acid

neutralisation and protective film formation. Another multifunctional additive present

in engine oil formulations are ZDDPs. The primary function of ZDDPs are as antiwear
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additives (Section 1.2.2.8), but they also function as corrosion inhibitors.3,15,29

1.2.2.5 Foam Inhibitors

The presence of additives in lubricating oils can slow the release of dissolved or gener-

ated gases. This can result in gas entrainment and/or foaming. In engine oils, foam can

result in reduced oil pressure, while gas entrainment can result in cavitation of the oil film

in bearings and may cause failure; these effects necessitate the use of foam inhibitors,

such as polydimethylsiloxane (PDMS), in engine oil formulations (Fig. 1.12). Such

compounds are sparingly soluble in oil and separate onto the surface of air bubbles,

causing them to rupture by reducing surface tension. Loadings are very low, typically <

20 ppm.15,30
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Figure 1.12: Chemical structure of PDMS.

1.2.2.6 Pour Point Depressants

Pour point depressants were the first commercially used lubricant additives dating back

to the the early 1930s.29 These additives function to reduce the lowest temperature at

which an oil will pour or flow, i.e. the pour point. A low pour point is particularly critical

to lubricant performance in cold climates. At low temperatures, wax (linear hydrocarbon

species) in a lubricant base oil can crystallise and produce a gel-like structure (cloud

point). This gel-like, three-dimensional network can trap the remaining lubricant fluid

and render the lubricant oil immobile. For an engine oil, this can result in insufficient

flow of oil to critical engine components and cause engine failure.

Pour point depressants work by providing seeds for wax crystallisation as well as co-

crystallising with the wax. Co-crystallising with a pour point depressant separates the

wax crystals by steric hindrance, thus inhibiting network formation. This effect, in

combination with a greater number of nucleation sites, results in the formation of a

multitude of small crystals, which may still impede the lubricant flow, but critically do
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not immobilise the oil.31 The most common materials used as pour point depressants are

polyacrylates (PAs) and polymethacrylates (PMAs) (Fig. 1.13).15

ORO
n

ORO
n

PA PMA

Figure 1.13: Chemical structures of PA and PMA.

It should be noted that the low-temperature fluidity of a lubricant oil is not only gov-

erned by wax crystal growth. All fluids become more viscous as temperature decreases,

eventually reaching a viscosity where the fluid will no longer flow. The temperature at

which the fluid no longer flows under gravity, solely due to the viscosity increase caused

by decreasing temperature, is known as the viscous pour point. A pour point depressant

has no effect on the viscous pour point.

1.2.2.7 Viscosity Modifiers

Viscosity modifiers are materials that decrease the sensitivity of a base oil’s viscosity to

temperature. The advent of such additives allowed the formulation of multi-grade engine

lubricants, which meet both low temperature (winter) and high (summer) temperature oil

requirements (Fig 1.14). This marked the end of seasonal oil changes. Multi-grade oils

provide low viscosity at low temperatures, this facilitates cold starting and minimises

viscous losses. At higher temperatures, the viscosity of a multi-grade oil is less sensitive

than a single-grade oil (demonstrated by the lower gradient in Figure 1.14), and thus the

viscosity remains high enough to provide sufficient surface separation and hence provide

adequate wear protection.15,32,33
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Figure 1.14: Temperature effects on viscosity for single- and multi-grade engine oils.
Adapted from ref. 15.

Viscosity modifiers are typically high molecular weight polymers (> 10,000 g/mol),

with common chemistries employed being olefin copolymers (OCPs), hydrogenated

styrene dienes (HSDs), polyisobutylenes (PIB) (Fig. 1.15), and the previously men-

tioned polymethacrylates (PMAs), which were outlined in Section 1.2.2.6 on pour point

depressants.32,33
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Figure 1.15: Chemical structure of some common viscosity modifiers.

The dual action of PMA as a viscosity modifier and pour point depressant highlights

the potential multifunctional nature of viscosity modifiers, and more generally, of all

lubricant additives. Aside from also acting as pour point depressants, viscosity mod-

ifiers have also been shown to provide additional benefits as friction modifiers and

dispersants.33 Considering the current trends in lubricant design, i.e. the use of ultra-low

viscosity oils for improved fuel economy, development and understanding of viscosity

modifier chemistries remains extremely important. A more in-depth coverage of the use
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of viscosity modifiers, their mechanism of action and their multifunctional nature can be

found in a recent review by Martini et al.33

1.2.2.8 Antiwear Additives – Zinc Dialkyl Dithiophosphate (ZDDP)

Studies assessing wear in engines have concluded that the majority of engine wear occurs

during the brief start-up and acceleration periods.3 This is essentially due to lubricant

starvation of engine components, a situation where there is insufficient lubricant fluid

to prevent metal-to-metal contact, i.e. within the boundary lubrication regime. Wear is

minimised in this regime through the addition of antiwear additives, sometimes known

as boundary lubricants. Such additives are effective in minimising wear in both the

boundary and mixed lubrication regimes, in which asperity contact occurs.29,34

Zinc Dialkyl(aryl) Dithiophosphates (ZDDPs) were first introduced in the late 1930s, and

are still ubiquitous in engine oil formulations today. The persistence of such additives

is particularly striking given that alternatives have been actively sought. However, a

cost effective alternative, showing comparable antiwear performance has yet to be iden-

tified. In part, today, the search for ZDDP alternatives results from modern legislation

that limits sulfated ash, phosphorus and sulfur (SAPS) species in engine oil formula-

tions, due to their deleterious effect on exhaust after-treatment systems.35 The topic of

legislation-imposed SAPS limits in engine lubricant formulations is covered in more

detail in Section 2.1.

1.2.2.8.1 Chemical Structure and Properties of ZDDPs

ZDDPs are multifunctional lubricant additives (Fig. 1.16); they function not only as

antiwear agents, but also inhibit corrosion and oxidation in lubricant formulations.29 The

molecular nature and behaviour of ZDDPs in solution is more complex than suggested

by their most simple and common chemical representation (Fig. 1.16); this is something

that will be discussed below.
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Figure 1.16: Chemical structure of ZDDP (neutral-monomeric form).
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The organic groups can be either alkyl or aryl and are required to impart solubility in

the lubricant base oil. The nature of this hydrocarbon group has a significant impact on

various chemical properties and ultimately the antiwear performance of a given additive.

Early work by Dickert and Rowe showed that the thermal stability of an alkyl ZDDP is

dependent on the number of β-hydrogen atoms present in the alkyl substituents, i.e. the

lower the number of β-hydrogens, the greater the thermal stability.36 Hence, the use of

primary alkyl groups yields ZDDPs of higher thermal stability than their secondary and

tertiary analogues. Further studies related the thermal stability of alkyl ZDDPs to their

antiwear effectiveness. It was found that in general there was an inverse relationship

between thermal stability and antiwear activity, arising from more efficient degradation

and hence protective antiwear tribofilm formation.37,38

Since engine oils are expected to perform for long service intervals, typically a blend

of both primary and secondary alkyl ZDDPs are used. Secondary alkyl ZDDPs provide

quick, efficient antiwear protection, whilst the more thermally stable primary alkyl ZDDPs

provide more sustained wear protection ensuring the availability of antiwear chemistry

towards the end of service life.

Neutral ZDDPs

Early solid-state structural data available for two alkyl ZDDPs (ethyl and isopropyl)

show that ethyl ZDDP exhibits a one-dimensional polymeric structure in which each

zinc atom is chelated by one dithiophosphate (DTP) ligand and bridged by a second DTP

ligand that connects zinc atoms in the chain.39 The isopropyl analogue has a dimeric

rather than polymeric structure, where again each zinc atom is chelated by one DTP

ligand, but in this case the two zinc atoms of the dimer are bridged by the two remaining

DTP ligands.40 More recent solid-state structural data revealed that isobutyl-substituted

ZDDP exhibits the same dimeric structure (Fig. 1.17).41
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Figure 1.17: Dimeric (R = iPr or iBu) and polymeric (R = Et) structures of neutral
ZDDPs.

In solution, NMR spectroscopy has been used to show that neutral ZDDPs exist in

equilibrium between a monomeric and a dimeric form (Scheme 1.1).42,43 Both structures

contain zinc atoms in a tetrahedral environment. However, in the monomeric form the

central zinc atom is coordinated by two equivalent, chelating DTP ligands, whereas in

the dimer the two zinc atoms are coordinated by one chelating and one bridging DTP

ligand. At room temperature, the 31P NMR spectra of neutral, alkyl ZDDPs, display a

singlet spectroscopic resonance, albeit broad, indicating that exchange between the three

inequivalent phosphorus atoms is in the fast exchange regime on the NMR spectroscopic

timescale (i.e. the system is above its coalescence temperature).42,43
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Scheme 1.1: Monomer-dimer equilibrium of neutral ZDDPs.42,43

Recently, Harrison et al. performed variable-temperature 31P NMR spectroscopic stud-

ies with line-shape analysis for several alkyl ZDDPs, the results of which support the

long-held view of the monomer-dimer equilibrium in solution.43 At low temperatures

(-52 °C) three distinct peaks were observed in the 31P NMR spectrum of 2-ethylhexyl

ZDDP, which broaden and coalesce as the temperature is increased to yield a single

resonance (Fig. 1.18). Below -40 °C the spectra collected displayed three signals; 103.0

ppm, assigned to the bridging phosphorus (P3) of the dimer, 99.0 ppm, assigned to the

chelating position (P2) in the dimer and 96.0 ppm, assigned to the chelating phosphorus

(P1) in the monomer (Scheme 1.1).
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Figure 1.18: Full 31P NMR spectroscopic line-shape analysis of 2-ethylhexyl ZDDP
(0.0465 M). (a) Experimental and fitted spectrum at -52 °C, (b) -42 °C, (c) -33 °C, (d)
-18 °C, (e) -4 °C, (f) 11 °C, (g) 25 °C and (h) 44 °C. Reproduced with permission from
ref. 43.

Dynamic light scattering studies have suggested that for neutral isobutyl ZDDP, there

may be tetrameric or even higher order oligomeric structures present in low polarity min-

eral oils.44 This idea is supported by the observation that some ZDDP derivatives form
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polymeric species in the solid-state, as outlined above. However, variable-temperature
31P NMR spectroscopic results obtained by Harrison et al. for isobutyl ZDDP were not

consistent with this presence of the proposed tetramer.43

Basic ZDDPs

Although their use dates back at least to the 1940s, structure of basic ZDDPs remained a

matter of speculation for a long time, until Woollins et al. reported the crystal structure

of basic isobutyl ZDDP, Zn4O[S2P(OiBu)2]6 (Fig. 1.19).41 The structure is analogous

to that of beryllium acetate, consisting of a Zn4O core with a tetrahedron of zinc atoms

about a central oxygen, and the six edges of the Zn4 tetrahedron bridged by DTP ligands.
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Figure 1.19: Chemical structure of basic ZDDP.41

Detailed studies of the solution behaviour of neutral and basic ZDDPs using 1H and 31P

NMR spectroscopy reported by Harrison and Kikabhai, show that the two forms are in

equilibrium (Scheme 1.2), with higher temperatures and more polar solvents favouring

the neutral form.42

Zn4O[S2P(OR)2]6 + ZnOZn[S2P(OR)2]3

Scheme 1.2: Equilibrium between the neutral and basic forms of ZDDP.

In terms of the practical significance of this neutral-basic equilibrium, a number of

studies have compared the antiwear,45 film-forming46 and antioxidant47 properties of

the basic and neutral forms. The general conclusion is that, despite slight differences in

reactivity, the mechanisms by which they function are essentially the same.29 Indeed, the

interconversion of neutral and basic forms in solution may contribute to their equivalent

performance. Furthermore, the presence of a nitrogen donor such as pyridine, has been
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shown to irreversibly convert basic ZDDP to its neutral ZDDP-pyridine adduct.42 Such

a reaction could conceivably occur in an engine oil formulation given the presence of

nitrogen donors in the form of dispersants (Section 1.2.2.2) and/or amine-functional

organic friction modifiers (Section 1.2.2.10.2) and hence may also contribute to the

equivalent performance observed for neutral and basic ZDDPs.

1.2.2.8.2 Antiwear Mechanism of ZDDPs

The general view on the wear prevention properties of ZDDPs is that they function by

forming surface films that act as a mechanically-protective barrier.29 These films can be

classified into two types:48

1. Antiwear films, which are formed under “normal” operating conditions and thereby

reduce the rate of continuous moderate wear.

2. Extreme pressure (EP) films in contrast, are formed under extreme contact con-

ditions at high local temperature. They function through rapid reaction with a

surface under severe distress and inhibit more catastrophic modes of failure, i.e.

scuffing and seizure.

Various studies report that the antiwear behaviour of ZDDP is derived from the formation

of phosphate films, while its EP behaviour arises from its ability to form iron sulfide.49,50

This agrees with other reports that sulfur-free phosphorus additives are effective anti-

wear, but ineffective EP additives.51 ZDDPs are considered potent antiwear additives,

and mild EP additives. The antiwear aspect of ZDDP behaviour will be the focus of this

work.

Thermal Degradation of ZDDPs

As previously mentioned, it has long been recognised that there was an inverse relation-

ship between the thermal stability and the antiwear effectiveness of ZDDPs,37,38 with the

thermal behaviour dictated by the nature of the alkyl substituents of ZDDP. The observed

thermal degradation of ZDDPs between 130-230 °C has been long known,29 however the

mechanism of this degradation process remained a matter of debate for a considerable

length of time.
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The matter was mostly resolved in a paper by Jones and Coy using 1H and 31P NMR

spectroscopies to identify thermal degradation products of various ZDDP derivatives (n-

butyl, isobutyl and sec-butyl).52 In all cases the final degradation products were similar

(described below), although present in different proportions, which is evidence to sup-

port a common degradation mechanism that is applicable to both primary and secondary

ZDDPs.

The decomposition of primary alkyl ZDDPs (i.e. n-butyl ZDDP) can be described by a

sequential alkyl transfer mechanism from oxygen to sulfur (Fig. 1.3). The major (non-

volatile) degradation products described are a zinc polypyrophosphate-type species (with

a low sulfur and alkyl content), S,S,S-trialkyl tetrathiophosphate and dialkyl sulfide.52,53

The nature of the final oil-soluble, phosphorus-containing product is still a matter of

contention however, as Marshall et al. have reported the final soluble phosphorus-

containing product to be O,O,S-trialkyl dithiophosphate in the degradation of isobutyl

ZDDP, based on gas-liquid chromatography and mass spectrometry data.54 This matter

was also raised in the appended discussion of the work by Coy and Jones by Barber

and Yamaguchi.53 The discussers noted that in engine sequence tests they observe the

major oil-soluble, phosphorus-containing end products to be oxygenated materials, in

this case of fully formulated engine oils. It must also be noted that an exceptionally high

ZDDP concentration was used (25 wt.% in mineral oil) in these studies by Coy and Jones

compared to a standard 0.5 wt.% ZDDP that is very typical in engine oil formulations.53
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Importantly however, the proposed alkyl transfer mechanism accounts for the relative

thermal stabilities observed for different (primary) alkyl substituents (branched primary

alkyl > primary alkyl) and agrees with the well-established correlation between decreas-

ing the number of β-hydrogens and increasing thermal stability.36 This thermal stability
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trend is explained in terms of increasing steric hindrance inferred by the β-substituents,

which inhibit nucleophilic attack at the α-carbon.

The decomposition of branched primary alkyl ZDDPs (i.e. isobutyl ZDDP) is reported

to occur principally via the same alkyl transfer mechanism outlined above, but at a much

slower rate. A relative increase in olefin formation is observed, however, compared to

n-butyl ZDDP, and can be explained based on the slowed rate of alkyl transfer, thereby

increasing the proportion of olefin versus other degradation products that arise from

the alkyl transfer pathway.52 Others have also observed olefin formation36,54 during

decomposition, a process that is suggested to occur by a β-hydrogen transfer elimin-

ation mechanism.36,52 Recent theoretical studies have provided evidence in favour of

olefin formation via β-hydrogen transfer,55 specifically through a concerted mechanism

(Scheme 1.4).56 The phosphorus-containing degradation product can further decompose

by loss of more olefin and/or various sulfur-containing species, including hydrogen

sulfide.
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Scheme 1.4: Concerted olefin elimination from alkyl ZDDPs.

Thermal decomposition studies of sec-butyl ZDDP, have shown the decomposition mech-

anisms are similar to that of n-butyl and isobutyl ZDDPs previously outlined, but with

the distinction that the olefin elimination mechanism dominates and occurs more readily

than alkyl transfer.52 This can be ascribed to increasing alkyl substitution, which inhibits

nucleophilic attack as a result of steric inhibition, and accelerates elimination. The

rate enhancement of the elimination pathway enables faster degradation of secondary

ZDDPs, compared to their primary counterparts, and thus completes the previously

observed trend in thermal stabilities for different alkyl substituents (branched primary

alkyl > primary alkyl > secondary alkyl). Likewise, the thermal instability of tertiary

alkyl ZDDPs can be ascribed to the ease with which they undergo olefin elimination,

even at modest temperatures, hence making their commercial use prohibitive.
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ZDDP Tribofilm Formation and Properties

Extensive macroscopic studies have shown that ZDDP molecules decompose at rubbing

interfaces, and form protective films that minimise wear by providing a mechanical

barrier and act in a sacrificial manner.29,34,57 Such films can be generated thermally

(thermal films) at elevated temperatures (typically > 150 °C), even in the absence of

rubbing,58 or they are formed within a rubbing contact (tribofilms), where they form

at much lower temperatures even, albeit slowly, at room temperature.58,59 The chem-

istry of thermal and tribofilms have been shown to be similar, although tribofilms are

mechanically stronger.46,60,61
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Figure 1.20: Schematic of a ZDDP tribofilm on steel.

Most research has focussed on the nature of ZDDP tribofilm formation on steel surfaces,

though it has also been shown that ZDDPs can form thermal and tribofilms on other

materials, such as other metals, ceramics, silicon and diamond-like carbon (DLC) coat-

ings.57 The chemical and structural details known specifically for ZDDP tribofilms on

steel surfaces (Fig. 1.20) can be summarised as follows:

1. Tribofilms only form if actual sliding contact occurs – they do not form in rolling

contacts or if the hydrodynamic film thickness is much greater than the surface

roughness.58

2. Film growth appears self-limiting; ZDDP tribofilms tend to reach a stable thick-

ness of around 50-150 nm on steel surfaces.59,62,63

3. Tribofilms initially form as separate patches on steel surfaces that gradually ex-

pand to form almost continuous, but still pad-like structures.64

4. The pad-like films are primarily composed of glassy phosphate, with a thin layer of

zinc polyphosphate (~10 nm) grading to pyro- and ortho-phosphate in the bulk.65,66
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5. The exterior of the tribofilm pads comprise mainly zinc cations with an increasing

proportion of iron towards the metal surface.66

6. Within the pads there is negligible thiophosphate, rather sulfur is present as zinc

sulfide.67

7. Directly on the metal surface there may be a sulfur-rich layer of zinc or iron

sulfide,68 though this has been contested by some.66

8. The presence of a viscous gel-like layer of alkyl phosphate material, up to 1 µm

thick, covering islands of solid polyphosphate has been described recently.68 This

layer had gone un-noticed for a long time due to solvent washing and use of

analytical techniques that require vacuum.

Experimental evidence has shown that increased operating temperature correlates to

an increased rate of tribofilm formation (other parameters such as film thickness and

friction coefficient are also affected).69 This supports the long-standing view that faster

tribofilm formation caused by lower thermal stability ZDDPs is the underlying reason

for their superior antiwear performance (i.e. secondary ZDDPs form tribofilms faster

than primary ZDDPs under the same conditions).

Tribofilm formation is believed to occur via a mechanism akin to the thermal degrad-

ation process that occurs in thermal films, but with formation being induced at lower

temperatures, and films only forming on rubbing tracks. Whether the cause of this

lower activation temperature is primarily dictated by flash temperature rise, pressure,

triboemission or another factor, has been a matter of particular speculation. However,

a recent innovative approach by Gosvami et al., using atomic force microscopy (AFM),

provided real insight into the underlying mechanisms of ZDDP tribofilm formation.70

Gosvami’s novel approach involves sliding an AFM tip against a substrate at temper-

atures from 80-140 °C while immersed in a ZDDP base stock solution, to monitor in

situ the growth and properties of ZDDP tribofilms, in well-defined (known contact area

and pressure), single-asperity contacts. The observed growth of a patchy (pad-like)

tribofilm is consistent with macroscopic studies,59,64 and the rate of tribofilm forma-
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tion was found to increase exponentially with temperature or compressive stress; these

results are consistent with a stress-assisted thermally activated reaction rate model.70

Subsequently, Zhang and Spikes have demonstrated tribofilm formation in full film elast-

ohydrodynamic (EHD) conditions (Section 1.1.2.1), where no surface contact occurs,

effectively eliminating triboemission as a driver for tribofilm formation. In the same

work it was also observed that a tribofilm is formed with a base oil that gives high shear

stress, but not for a base oil that gives low shear stress, in otherwise identical conditions.

This result strongly suggests applied shear stress rather than contact pressure is the driver

for tribofilm formation. Additionally, the rate of tribofilm formation is in agreement with

a stress-promoted thermally activated model, through which it is estimated that shear

stress can reduce the thermal activation barrier to ZDDP film formation by half.57

The demonstration that shear stress (mechanochemistry) controls ZDDP tribofilm form-

ation also explains several known features of ZDDP tribofilms, such as:

• No tribofilm formation is observed in pure rolling contacts;

• ZDDPs’ relative indifference to surface composition;

• The pad-like structure of ZDDP tribofilms, which nucleate at asperity junctions

(highest shear stress) and bear increasing proportions of the applied load as they

grow, meaning the applied shear in the deep valleys is negligible inhibiting tri-

bofilm growth;

• The self-limiting growth mechanism, which terminates when the shear stress is

too low to drive the process (as the tribofilm modulus is lower than the substrates,

contact stress at constant load decreases as the tribofilm thickens).

In the 1980s when fuel economy started to become an important issue, it was soon

noticed that ZDDPs had a deleterious effect on friction, and hence fuel economy.29 This

is thought to arise from ZDDP inhibiting fluid entrainment within the contact zone, such

that the contact remains in the boundary and mixed lubrication regimes to higher speeds

than in the absence of ZDDP (see Stribeck curve in Figure 1.3).71 The origin of this

fluid entrainment inhibition however, is not currently clear. A simple mechanism is
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that the deep valleys associated with the pad-like structure of ZDDP tribofilms act as

drainage channels that inhibit fluid entrainment. Conversely, some work has suggested

that even apparently smooth ZDDP tribofilms show an increase in friction and indicate

that fluid entrainment may be prevented by another as yet unidentified mechanism.72

Clearly, whichever mechanism does occur, it is apparent that ZDDP tribofilms have a

negative effect on friction, and for this reason, it is essential to use ZDDPs in conjunction

with an effective (and compatible) friction modifier in engine lubricant formulations, to

reduce friction and improve fuel economy. It should also be noted that such a friction

modifier will not necessarily be one that preferentially adsorbs on steel surfaces, but

rather one that is able to adsorb and form friction-reducing films on a ZDDP-derived

tribofilm.73 Friction modifiers will be discussed in more detail in Section 1.2.2.10.

1.2.2.9 Low SAPS ZDDP Alternatives

Due to the compositional constraints enforced on modern engine lubricant formulations,

in terms of achieving low SAPS content,74 there is a significant level of research invest-

igating alternative antiwear additives to ZDDP. In spite of the volume of research focused

on identifying such additives, currently no cost effective additive showing comparable

antiwear performance has been identified. ZDDP alternatives will not be the focus in

this work; for a comprehensive overview on the potential low-SAPS ZDDP alternatives

reported in the literature, the reader is directed to an excellent review on the matter by

Spikes.35

1.2.2.10 Friction Modifiers

Friction modifiers (FMs) are lubricant additives that are commonly used to adjust friction

characteristics and hence improve lubricity and energy efficiency. For engine oil applic-

ations FMs that reduce the friction coefficient are used and are effective in the boundary

and/or mixed lubrication regimes (Table 1.4). At present there are two main families

of friction modifiers in use in liquid lubricants: organic friction modifiers (OFMs) and

organomolybdenum compounds.75



1.2 Lubricant Formulation 35

Table 1.4: Friction coefficients of different lubrication modes.76

Lubrication Mode Friction Coefficient Comparison

Non-lubricated Surface 0.5-0.7 Dragging an irregular
rock over rocky ground

Antiwear/EP Films 0.12-0.18 Dragging a flat stone
over a flat rock

Friction Modified Films 0.06-0.08 Ice Skating

Elastohydrodynamic 0.001-0.01 Hydroplaning

1.2.2.10.1 Organomolybdenum Compounds as Friction Modifiers

Initially recognised as EP additives in the 1950s,77 oil-soluble organomolybdenum com-

pounds were not recognised as FMs until the 1970s. Since then, organomolybdenum

FMs have become one of the most important additives used in automotive engine lub-

ricants to improve fuel economy.75,77 Common organomolybdenum chemistries include

molybdenum dialkyl dithiophosphates (MoDDPs) and molybdenum dialkyl dithiocar-

bamates (MoDTCs). These additives function by giving rise to the in situ formation

of tiny, nano-sized platelets of low-friction molybdenum disulphide (MoS2).78,79 The

friction-reducing ability of MoS2 arises from its low shear strength, lattice-layer struc-

ture, in which there are strong covalent bonds between atomic species, but only weak

van der Waals attractions between layers (Fig. 1.21).69
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Figure 1.21: Structural representation of 2H-MoS2. The side and top views of the layered
structure are also shown. Adapted with permission from ref. 80.
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By far the most prevalent organomolybdenum compounds used are MoDTCs. They

have received significant attention not only because they function well as FMs, but

also because they are one of the most efficient, non-phosphorus-containing antiwear

additives,81 shown to have a “synergistic” relationship with ZDDPs in reducing friction

and wear.81–85 The principle limitation of MoDTCs however, and organomolybdenum

compounds in general, is recognised as the loss of their friction-reducing ability upon

ageing or during engine operation.77 Yagishita and Igarashi identified ligand exchange

reactions between MoDTC and ZDDP,86 reactions that have also been studied in de-

tail by Korcek and co-workers, and lower the initial MoDTC concentration (Scheme

1.5).87–90
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Scheme 1.5: Ligand exchange reactions between ZDDP and MoDTC. Exchange
products become more favoured at higher temperatures.87

However, despite the initial lowering in MoDTC concentration due to ligand exchange

reactions with ZDDP, it has been shown that the presence of ZDDP can reduce the

decomposition rate of MoDTC, as well as improving the retention of friction-reducing

capabilities. An explanation for this is that ZDDPs are more effective peroxide decom-

posers, and the double exchange products zinc dialkyl dithiocarbamates (ZDTCs) are

better radical inhibitors (the single exchange product expected to have the capabilities

of both) than their molybdenum analogues (Scheme 1.5), and hence serve to protect the
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molybdenum compounds against decomposition and improve the retention of friction-

reducing properties of MoDTCs. The eventual loss of friction-reducing properties is

observed when the ZDDP present is fully consumed. This hypothesis is supported

by the observation that other radical inhibitor and peroxide decomposer antioxidants

slow MoDTC depletion, while other additives and the base oil employed influence the

durability of the friction-reducing properties of MoDTC.87–91

Another aspect of MoDTC/ZDDP synergy that has been reported, is the ability of ZDDP

to promote the formation of MoS2,92,93 by acting as a source of sulfur atoms.93 Support

for this idea comes from labelling studies from Iwasaki et al., who demonstrated using
34S-labelled ZDDP and time-of-flight secondary-ion mass spectrometry (ToF-SIMS),

that approximately 40% of the sulfur in the MoS2 formed on rubbing surfaces was

generated from sulfur from ZDDP.94

Recently Khaemba et al., reported new insights regarding the decomposition mechanism

of MoDTC using Raman spectroscopy. In this work, the authors utilised the ability of

Raman spectroscopy to distinguish chemical compounds with the same oxidation state,

something not possible by X-ray photoelectron spectroscopy (XPS); a spectroscopic

method that has previously been used in an attempt to elucidate the mechanism of

MoDTC degradation.79 The main MoDTC decomposition products in steel/steel con-

tacts were shown to be MoS2, FeMoO4 and sulfur-rich molybdenum compounds, MoSx

(x > 2),95 in contrast to the previously reported MoS2 and MoO3.79 The decomposition

was shown to be highly dependent on test conditions (temperature, MoDTC concentra-

tion and contact pressure), while the formation of FeMoO4 and MoSx were shown to be

conducive to high friction. Furthermore, based on the Raman analysis performed, a new

decomposition pathway is proposed; one that involves shear-induced C-S bond cleavage

and intramolecular sulfonation, to form amorphous MoSx, which can subsequently be

converted to MoS2, or FeMoO4 through reaction with iron oxides (Fig. 1.6).95
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Scheme 1.6: Proposed decomposition pathway for MoDTC.95

1.2.2.10.2 Organic Friction Modifiers

Organic friction modifiers (OFMs) are surfactant-like molecules consisting of a polar

head group (e.g. carboxylic acid, ester, alcohol, amine, amide and phosphate) and a

long hydrocarbon chain. The traditional view on how OFMs function is that polar head

group adsorption (physisorption) or chemical reaction (chemisorption) occurs with a

metal surface to form vertically-oriented, dense monolayers (~ 2 nm thick) as shown in

Figure 1.22.75,77 These OFM monolayers serve to prevent asperity contact while also

being easy to shear at the hydrocarbon tail interface between monolayers, thus giving

rise to their lubricious nature. This view is supported by studies that have shown that

both deposited96,97 and self-assembled98,99 monolayers on solid surfaces, can reduce

friction. Their friction-reducing properties have been shown to be strongly dependent on

the polar head group functionality, hydrocarbon chain length and configurations, as well

as external factors such as temperature.75,77
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Figure 1.22: Monolayer model of adsorbed OFMs at metal surfaces. Adapted from ref.
100.

In spite of the general acceptance of the monolayer model, it has also been demonstrated

that some FMs can form thicker more viscous layers that may be tens to hundreds

of nanometres thick.101–103 Ultrathin film interferometry is a particularly useful tech-

nique for studying these thicker layers, given that film thickness can be resolved on the

nanometre scale in situ. FMs are “active” in low to medium load and low temperature

conditions. Under more severe conditions, however, where the load and contact tem-

perature increases within the tribochemical contact, the self-assembled film ruptures and

the friction-reducing ability of the FM is lost. This limited film strength and thermal

instability, necessitates the inclusion of other additives that are more effective under

more severe conditions, namely antiwear and EP additives.104

In reference to the drive towards low SAPS lubricant formulations, some OFMs (e.g.

amines, amides, fatty acids, etc.) have an intrinsic advantage over other FMs, in that they

are intrinsically zero SAPS. This makes the use of such FMs particularly attractive in

terms of meeting the compositional constraints enforced upon modern engine lubricant

formulations.

1.2.3 Additive–Additive Interactions

The previous section has briefly outlined the components and functions of engine lub-

ricant additives. However, much of the work investigating the behaviour of lubricant

additives, is highly idealised, where the additives are studied in isolation, in the absence

of other lubricant additives. Modern engine oil formulations however, contain a myriad
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of additives (Table 1.3), all of which contribute, and tailor or modify the properties of

the lubricant to meet application-specific requirements. These additives are likely to

interact in bulk solution and/or compete at surfaces, thereby exhibiting antagonistic or

synergistic effects. The lack of understanding regarding additive-additive interactions,

and their ultimate effect on performance, has meant that much of the development of

lubricant formulations has been empirical in nature, relying primarily on trial and error

or past experience. A more systematic approach with an understanding of the underly-

ing fundamental chemical and physical additive interactions would significantly aid the

selection and design of additive combinations.



Chapter 2

Engine Lubricant Development and

Thesis Aims

2.1 Current Trends in Engine Lubricant Development

Since their advent in the 1970s, exhaust after-treatment catalysts have been crucial in

reducing air pollution, and thus, improving quality of life, particularly in major cities.35

These catalysts function by removing harmful emissions such as oxides of nitrogen

(NOx), CO, unburned hydrocarbons and, in particular for diesel engines, soot particles.

Their use has been driven primarily by increasingly stringent legislation, which permit

progressively lower levels of harmful emissions.105

There are several different exhaust after-treatment systems currently available. However

on a global basis, for gasoline engines, the most common is the three-way converter

(TWC). This system oxidises CO and hydrocarbons to CO2 and reduces NOx to N2.106

For diesel engines, a diesel oxidation catalyst (DOC) and a diesel particulate filter (DPF)

are typically used in combination with a NOx removal system, such as exhaust gas

recirculation (EGR), or to meet current emission standards, a selective catalytic reduction

(SCR) system. The main function of DOCs is to oxidise hydrocarbons and CO to CO2,

whereas the DPF is used to collect particulate matter (predominantly soot), which is

periodically burned off.106
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It was however quickly realised, that some components of engine lubricants could pro-

duce emissions that reduce catalyst effectiveness. These contributed to the degradation

of the exhaust after-treatment system during its operating life and result in the release of

more harmful emissions into the environment.107 In this regard, three components have

been highlighted as being of particular concern: sulfated ash, phosphorus and sulfur

(SAPS), all of which are present in or can be produced from ZDDP.35

Ash, which originates from the zinc present in ZDDP (also from magnesium- and

calcium-based detergents and from wear of component surfaces), consists of tiny solid

metallic salt particles. The main undesirable effect of this ash is its ability to build

up in, and block DPFs,108 in addition to contributing towards blocking TWCs.109 The

phosphorus-containing species that reach the catalyst are phosphorus oxide vapour and

metal phosphate particulates. Phosphorus oxide vapour reacts with and blocks the porous

matrix in which the active catalyst is deposited, while the metal phosphate particulates

can deposit on catalyst surfaces and accumulate in DPFs.110,111 Sulfur, is thought to be

transferred to the after-treatment system via the exhaust gas, in the form of SO2, which

poisons oxidation catalysts. The majority of sulfur historically originated from fuel, but

with the advent of ultra-low sulfur fuels a significant amount is now thought to come

from ZDDP.112,113

The realisation that emissions originating from engine lubricants can have a detrimental

effect on exhaust after-treatment systems, marked the beginning of legislation-imposed

limits on SAPS levels.74 SAPS levels in engine lubricants quickly became ever more

stringent (Table 2.1); this legislation has ultimately limited the amount of ZDDP (a major

source of SAPS) that can be incorporated into an engine oil formulation.
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Table 2.1: Phosphorus and sulfur limits in engine oil specifications.74

Year Specification P and S limits

1989 SG No P, S limits

1994 GF-1 ≤ 0.12 wt.% P

1997 GF-2 ≤ 0.10 wt.% P

2000 GF-3 ≤ 0.10 wt.% P

2004 GF-4 0.06 wt.% ≤ P ≤ 0.08 wt.%, ≤ 0.50 wt.% S†

2010 GF-5 0.06 wt.% ≤ P ≤ 0.08 wt.%, ≤ 0.50 wt.% S†

†
≤ 0.5 wt.% S for all viscosity grades except for 10W-30 (GF-4 ≤ 0.70 wt.% S, GF-5 ≤ 0.6 wt.% S)

It is currently not clear whether future SAPS limits will eventually lead to a phasing

out of ZDDP in the long term. Although desirable, this would be an extremely difficult

task given the current dependence of engine lubricants on ZDDPs, not only in terms of

their antiwear, but also their antioxidant and corrosion inhibition properties. However,

recently attention has turned to investigating the potential of replacing blanket limits

on SAPS levels with a move towards a measure that better reflects the tendency of

SAPS containing species to volatilise, and hence reach the after-treatment catalyst. This

interest in replacing blanket SAPS limits is based on evidence that the volatility of

SAPS-containing species from engine oil is more important than their concentration in

engine oil, in terms of effect on catalyst efficiency.114,115

The volatility dependence of phosphorus-containing species on catalyst efficiency has

been acknowledged in the current International Lubricant Standardisation and Approval

Committee (ILSAC) GF-5 specification. The GF-5 specification requires no further

reduction in the maximum phosphorus content permissible, in comparison to the pre-

vious GF-4 specification, but does introduce a new phosphorus volatility requirement.

The GF-5 specification requires that engine oils retain a minimum of 79% of their

original phosphorus content under standard test conditions (ASTM D7320).74 This is

born out of the recognition that differences in molecular chemistry and formulation result

in phosphorus-containing species with different volatilities and consequently, can have

different effects on emission catalysts at equal concentrations. Based on the GF-5 spe-
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cification it appears that, currently at least, volatility requirements will be implemented

as an additional safety measure to ensure minimal catalyst poisoning, rather than reduced

volatility formulations providing a viable alternative to low SAPS formulations.

New performance standards for automotive lubricants are developed in response to chan-

ging consumer needs and legislative action from professional/governmental organisa-

tions. Current drivers for their future development include greater fuel economy (and

fuel economy retention), reduced emissions and extended drain intervals.3

In the drive for improved fuel economy, modern lubricant formulations are now lower

viscosity oils with good low temperature fluidity. The use of low-viscosity oils improves

fuel economy by reducing energy consumption due to the reduction of friction and

viscous losses that occur when cold starting and during stop-and-go type driving.3 The

proposed ILSAC GF-6A specification requires further improvements in fuel economy,

fuel economy retention and oil robustness for spark-ignited engines, while minimising

wear and low-speed preignition, beyond that required in GF-5. Additionally the new

GF-6B category defines requirements for ultra-low viscosity (SAE 0W-XX, where XX

is less than 20) engine oils, which would provide the same performance as GF-6A, but

would potentially deliver further fuel economy improvements. The challenge in moving

to lower viscosity oils however, is the increased likelihood of operation in the mixed

and boundary lubrication regimes that are conducive to increased friction and wear (see

Section 1.1.2.1).116

In terms of achieving reduced emissions targets, there are now strict legislation-imposed

limits on the level of SAPS permitted in engine oil formulations, as evident from the

data presented in Table 2.1. These limits, consequently restrict the level of ZDDP, the

universal and often sole antiwear additive, used in engine oil formulations.

The convergence of these emissions and fuel economy trends reflects the need for auto-

motive lubricants that can maintain engine durability whilst simultaneously enabling

improved fuel economy and reduced emissions. The desire for improved fuel economy

(move to ultra-low viscosity oils) would require increased SAPS levels to achieve equi-
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valent antiwear performance (utilising current technology/chemistry). In contrast, emis-

sion regulations demand lower SAPS concentrations dictated by catalyst compatibility.

Ultimately the drivers for the future development of automotive lubricants do not align

and constitutes a significant challenge for the automotive lubricant industry.

2.2 Thesis Aims and Structure

Given the convergence of greater fuel economy and lower emissions trends previously

described, the combination of lubricant additives that interact and perform in a syner-

gistic manner is essential. Of particular importance in this regard is the combination

of ZDDPs (antiwear additives) with effective FMs. It should be noted that, although

many lubricant additives can be viewed as surface-active, that does not mean their bulk

interactions are not of importance, and do not influence their surface function. However,

work investigating these bulk interactions is relatively scarce and thus limits the design

and development of next-generation lubricant formulations. This thesis aims to provide

a fundamental understanding of any solution interactions, and the consequences thereof,

between ZDDPs and FM additives, focusing in particular on OFMs with an amine

functionality.

In regard to the above discussions, this thesis aims to answer three key questions:

1. How do ZDDP and OFMs interact in solution and what is the effect of OFM

structure?

2. What is the impact of ZDDP-OFM interactions on subsequent thermal and tribolo-

gical behaviour?

3. Can optimal additive combinations be selected and designed through an under-

standing of additive interactions occurring in bulk solutions?

In an attempt to answer these questions, Chapter 3 will investigate ZDDP-amine inter-

actions more generally, studying the interactions between ZDDP and several substituted

pyridines. The pyridine moiety in this case, serves as an easily tuneable scaffold to

investigate the impact of sterics and electronics, on the strength and nature of ZDDP
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solution interactions with amines. The knowledge gained here provides chemical under-

standing and grounding for later discussions.

Chapter 4 explores the solution interactions between ZDDPs and several OFMs and other

model compounds where suitable; the effect of alkyl chain length, sterics and secondary

donor sites are investigated. Building on the results outlined in Chapter 3, Raman

spectroscopy is exemplified as a diagnostic tool for identifying DTP binding modes in

ZDDP-OFM systems. The thermal and tribological behaviour of selected systems is

then described in Chapter 5. From these data, attempts are made to rationalise the trends

observed, based on the understanding gained regarding solution interactions, in previous

chapters.

Attempted novel syntheses of the diselenophosphate, ZDDP analogues are discussed

in Chapter 6, where the additional spectroscopic 77Se handle would prove particularly

useful for studying solution interactions. Finally, Chapter 7 provides a synoptic view of

the results described in this thesis and outlines areas for future work.



Chapter 3

Exploring Steric and Electronic Effects

in ZDDP-Pyridine Systems

3.1 Introduction

ZDDPs have been used as lubricant additives for over 60 years, and are still ubiquitous

in engine oil formulations today, in spite of increasingly stringent legislation limiting the

level of SAPS in such formulations (Section 2.1). Principally used as antiwear additives,

ZDDPs function via the in situ formation of protective phosphate glass-based tribofilms

under standard engine operating conditions (Section 1.2.2.8).29,57,70,117 However, gain-

ing further insight into the mechanism by which the antiwear films are obtained from

ZDDP in commercial lubricant packages is complicated by the presence of a series of

additional additives (e.g. friction modifiers, dispersants, detergents, antioxidants, etc.),

which together tune the properties of the lubricant to meet the performance requirements

of a given application.16

Amine derivatives are a prevalent class of compound featured in commercial lubric-

ant additive packages, both as succinimide-based dispersants (Section 1.2.2.2) and as

OFMs (Section 1.2.2.10.2). However, a little-explored scenario is that such function-

alised amine derivatives react directly with key ZDDP complexes in (oil) solution, al-

tering their physico-chemical degradation to the vital antiwear films, despite reports

that nitrogen-containing additives can alter ZDDP tribofilm formation and composi-
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tion.73,118–120 Amine coordination at zinc is of particular interest, potentially altering

the mode of DTP coordination and hence molecular structure, which will in turn affect

thermal stability, and ultimately, tribological performance (friction, wear).

DTP ligands are known to be flexible in their coordination behaviour (Fig. 3.1), some-

thing that gives rise to a wide structural diversity for DTP complexes, with mono-,

di-, tetra-, and poly-nuclear species having all been reported for zinc.121,122 However,

surprisingly, comparatively little is known about how any additive-induced changes in

DTP coordination to zinc may impact the thermal and/or mechano-thermal breakdown

of ZDDPs.
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Figure 3.1: Coordination patterns observed for DTP ligands (a) symmetric bridging,
(b) symmetric chelating (isobidentate), (c) anisobidentate chelating (dative), (d)
anisobidentate chelating (semibonding), and (e) monodentate.

The relationship between the structure of a complexing amine and that of the resulting

ZDDP-amine complex in the solid-state has been explored previously, with changes in

DTP coordination noted.123–129 However, the efficiency and performance of lubricant

packages is likely determined by the strength and nature of amine-containing additive

interactions with ZDDP in solution, and at least initially, on how the mechano-thermal

degradation to the target antiwear film is affected.

In this chapter, a systematic investigation of how the steric and electronic properties

of pyridine ligands affect the formation, structure and properties of ZDDP-amine com-

plexes was undertaken. The pyridine-based moieties (Py’) employed were chosen in

order to provide a series of ligands in which the steric and Lewis basic properties can

be varied in a systematic fashion. Subsequently, the structure of six mononuclear ZDDP-

Py’ complexes have been determined by X-ray crystallography, including five 1:1 ZDDP-

amine adducts and the first 1:2 ZDDP-amine adduct. All complexes have been fully

characterised, with association constants of several derivatives having been determined

in hexane solution, thus providing a quantitative measure of the strength of solution inter-
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action. The thermal behaviour of various adducts is investigated by thermogravimetric

analysis-mass spectrometry (TGA-MS), which showed the mono- and di-(Py’) ZDDP

adducts followed subtly different degradation pathways. Finally, the use of Raman

spectroscopy as a tool in determining DTP binding mode is demonstrated.

3.2 Results and Discussion

3.2.1 Binding Affinity and ZDDP Complex Formation with Pyridine

Ligands

The reactions of zinc diisobutyl dithiophosphate (iBu ZDDP) with a series of variously-

substituted pyridine ligands were monitored in hexane solution by 31P NMR spectro-

scopy. Addition of Py’ ligands was done incrementally in order to examine relative

changes in the lineshape and chemical shift of the 31P NMR spectroscopic resonance

from the DTP ligands in each case. The 31P NMR chemical shift variance was plotted

as a function of ligand equivalents to iBu ZDDP, and where possible, the data fitted to a

suitable binding model to afford binding constants.

iBu ZDDP presented a broad singlet resonance (ν 1
2

= 72 Hz) by 31P NMR spectro-

scopy at room temperature. This is a consequence of the established monomer-dimer

equilibrium demonstrated by neutral ZDDPs in solution (Section 1.2.2.8.1, Scheme 1.1).

Here, exchange between inequivalent phosphorus atoms is in the fast exchange regime on

the NMR spectroscopic timescale (i.e. the system is above its coalescence temperature)

and yields a single, averaged 31P NMR spectroscopic resonance.42,43 On subsequent

incremental addition of pyridine, the proton-coupled,31P[1H], NMR resonance moves to

higher frequency and sharpens to reveal coupling to the iBu CH2 units, thus indicating

that all phosphorus-containing species present in solution are in rapid equilibrium on the

NMR timescale and that the monomer-dimer equilibrium has been suppressed by amine

complexation, shifting the equilibrium fully to the monomeric form (Scheme 3.1, Fig.

3.2).
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Scheme 3.1: Solution equilibria of ZDDP-pyridine complexes.
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Figure 3.2: Evolution of the 31P[1H] NMR (162 MHz, hexane) spectrum of iBu ZDDP
upon progressive addition of pyridine. Inset shows fit of observed chemical shifts to a 1:1
binding model. 0.006 M ZDDP (monomer), CDCl3 insert spiked with PPh3 to provide
lock. Chemical shifts were referenced against PPh3 in CDCl3 (lit. -5.6 ppm130).

The observed shift to higher frequency is indicative of a change in the binding mode of

DTP ligands(s), something that can be attributed to the complexation of pyridine via the

zinc centre of ZDDP42,124–126 and results in DTP ligands, which are now bound in an

anisobidentate chelating fashion (Scheme 3.1), based on the 31P NMR generalisations

reported by Harrison and co-workers.126 The change in dynamic behaviour is also in

agreement with previous cryoscopic molecular weight measurements performed in ben-

zene solution reported by Dakternieks and Graddon, which indicated that the molecular

association of ZDDPs was disrupted in the presence of pyridine to form monomeric

adducts.131
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The measured 31P chemical shift after each addition of Py to iBu ZDDP was plotted as

a function of the number of Py equivalents, and fitted to a 1:1 binding model using the

Bindfit web-tool (Fig. 3.2, inset).132 These titration data fitted well to the 1:1 binding

model, yielding an association constant (Ka) of 3760 ± 399 M-1. This value provides a

direct quantitative measure of the strength/extent of ZDDP-amine complexation in solu-

tion and can be compared directly with other related systems. The magnitude of the as-

sociation constant obtained here is comparable to those measure spectrophotometrically

for the binding of Py to a series of zinc-porphyrin complexes, which undergo a similar

four to five-coordinate transition upon Py binding in toluene, though the geometry of the

resulting complex differs slightly.133

Single crystals of [Zn{κ2-S,S-S2P(OiBu)2}2(Py)] (1), from the reaction of iBu ZDDP

with excess Py in hexane (ratio 1:3), were grown by slow evaporation.* The resulting

structure confirmed the reaction product to be the mononuclear pyridine adduct of iBu

ZDDP (Fig. 3.3). The zinc atom of this complex adopts an almost ideal trigonal bipyr-

amidal geometry, with a value of the geometric parameter τ equal to 0.97 (0 for an ideal

square pyramid and 1 for an ideal trigonal bipyramid).134

N

Zn S1S1i
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Pi

O3i O3

O1O1i

Figure 3.3: Molecular structure of [Zn{κ2-S,S-S2P(OiBu)2}2(Py)] (1) with thermal
ellipsoids at the 50% probability level; H atoms omitted for clarity. Selected bond
distances: Zn-N, 2.014(3) Å; Zn-S1, 2.7085(7) Å, Zn-S2, 2.3226(7) Å; P-S1, 1.9703(10)
Å; P-S2, 1.9988(11) Å. Selected bond angles: S-P-S, 113.16(4)°; S-Zn-S, 81.98(2)°.

*Identical crystals were also grown upon slow evaporation of a 1:1 ethanol solution
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In complex 1 the zinc atom is coordinated by two equivalent chelating DTP ligands and

a bound pyridine molecule. The chelation, however, is distinctly anisobidentate [Zn-S1

2.7085(7) Å, Zn-S2 2.3226(7) Å], as predicted from our 31P NMR spectroscopic data

(vide supra).126 The structure of complex 1 differs from that previously determined for

the related diisopropyl homologue, [Zn{κ1-S2P(OiPr)2}{κ
2-S2P(OiPr)2}(Py)], in which

the two DTP ligands were inequivalent, with one chelating (anisobidentate) and the

other essentially monodentate.124,125 The different DTP coordination modes observed

between these two structures is attributed to the greater steric demands imposed by the
iPr substituents, which precludes chelation of both DTP ligands.

3.2.2 Steric Effects on ZDDP Complex Formation

As noted above, even small structural changes at the periphery of the alkyl substituents

of the DTP ligands (R = iPr versus R = iBu) significantly affects the structure of the

resulting ZDDP-pyridine adducts, in particular the nature of the DTP binding mode.

Hence, changes in the steric demands of a pyridine derivative complexing directly to the

zinc centre of the ZDDP complexes are likely to have a much greater effect on structure.

Consequently, here, the correlation between pyridine steric demands and the nature of

the resulting ZDDP-amine complexes is explored.

N N N N N

2-Methylpyridine
(2-MePy)

2-Ethylpyridine
(2-EtPy)

2-Isopropylpyridine
(2-iPrPy)

2-tert-Butylpyridine
(2-tBuPy)

2,6-Dimethylpyridine
(2,6-Me2Py)

Figure 3.4: Structures of alkylpyridine ligands investigated.

To achieve a systematic variation in the steric demands of pyridine ligands, in the absence

of gross electronic deviations, the coordination of the alkyl-substituted pyridine ligands

2-MePy, 2-EtPy, 2-iPrPy, 2-tBuPy and 2,6-Me2Py with iBu ZDDP was investigated (Fig.

3.4). The steric influence of each of these different pyridines was determined using

the percentage buried volume descriptor (%Vbur) developed by Cavallo and co-workers,

which measures the space occupied by a ligand in the first coordination sphere of a metal

(represented by a sphere of radius, r) (Fig. 3.5).135 Calculations were performed using
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the SambVca 2 online tool,136 using experimentally-determined crystal structure data of

the complexes or free ligands in all cases, except for 2-tBuPy where a DFT-optimised

structure (B3LYP/6-31G(d)) was used in the absence of suitable crystal data (Table 3.1).

M
r

L

NR

Figure 3.5: Schematic representation of the %Vbur descriptor. For the pyridine-based
ligands analysed L = Zn-N bond distance (fixed at 2.11 Å), r = 3.5 Å, bond radii were
scaled by 1.17, mesh spacing was 0.10 and all H atoms were included in calculations.

To remove any discrepancies in the %Vbur values originating from variation in the Zn-N

bond distances (shorter bond lengths giving rise to larger values of %Vbur), a fixed Zn-N

bond length of 2.11 Å was used in all calculations. This value is the average Zn-N bond

distance obtained from 24749 hits in the Cambridge Structural Database.137

Table 3.1: Calculated values of %Vbur, association constants determined with iBu ZDDP
in hexane and experimentally reported or theoretical pKaH values.

Ligand %Vbur (%) Ka (M-1) pKaH
138,139

Py 20 3760 ± 399 5.2

2-MePy 24 441 ± 23 6.0

2-EtPy 25 323 ± 20 5.9

2-iPrPy 26 66 ± 1 5.8†

2,6-Me2Py 29 - 6.7

2-tBuPy 34 - 5.7†

†Calculated using ACD/Labs software, version 11.02; ACD/Labs 1994-2018.140

Thus to explore the impact of pyridine steric demands upon ZDDP-pyridine solution
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interactions, hexane solutions of iBu ZDDP were titrated with aliquots of the various

differently-substituted pyridines. Incremental addition of aliquots of 2-MePy, 2-EtPy,

and 2-iPrPy to iBu ZDDP under identical reaction conditions gave similar trends (Fig.

3.6) to that observed on addition of pyridine itself (Fig. 3.2). For each of these pyridines

a 1:1 binding model was found to be followed; the resulting association constants are

summarised in Table 3.1.
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Figure 3.6: Evolution of the 31P[1H] NMR (162 MHz, hexane) spectrum of iBu ZDDP
upon progressive addition of 2-alkylpyridine ligands (a) 2-MePy, (b) 2-EtPy and (c)
2-iPrPy. 0.006 M ZDDP (monomer), CDCl3 insert spiked with PPh3 to provide lock.
Chemical shifts were referenced against PPh3 in CDCl3 (lit. -5.6 ppm130).

From the calculated association constants (Table 3.1) and Figures 3.2 and 3.6, it can be

seen that, the weaker the association constant of each alkyl-substituted pyridine ligands

(lower Ka, smaller ∆δ ), the less resonance sharpening that occurs, and the greater the

concentration of ligand required before a reasonably resolved pentet is obtained. This

observation further validates the idea that it is pyridine complexation to zinc in solution

that disrupts the molecular association (monomer-dimer equilibrium) of iBu ZDDP.

As expected for the mono-substituted pyridines investigated, binding constants were

smallest (Py >> 2-MePy > 2-EtPy > 2-iPrPy > 2-tBuPy) for the ligands with the largest
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values of %Vbur due to the increased steric constraints imposed upon binding (Table 3.1).

Taken to the extreme, the very sterically demanding 2-tBuPy ligands with a %Vbur value

of 34%, shows no evidence of interaction with iBu ZDDP by 31P NMR spectroscopy in

hexane solution (Fig. 3.7). In contrast to the comparatively strong binding of 2-MePy,

only a very weak interaction is observed in solution by 31P NMR spectroscopy (∆δ =

0.32 ppm after addition of 3 equivalents of amine) for the related disubstituted pyridine

ligand, 2,6-Me2Py, something that precluded the reliable estimation of an association

constant. This weak interaction {estimated 0 < Ka << 66 M-1 based on the observed

∆δ (0.32 ppm) compared with the ∆δ observed for 2-iPrPy (2.08 ppm) after addition of

3 equivalents of amine in each case} correlates with the calculated values of %Vbur for

2,6-Me2Py (29%), which lies between that of 2-iPrPy and 2-tBuPy, with %Vbur values

of 26 and 34%, respectively.
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Figure 3.7: Evolution of the 31P[1H] NMR (162 MHz, hexane) spectrum of iBu ZDDP
upon progressive addition of 2-tBuPy. 0.006 M ZDDP (monomer), CDCl3 insert spiked
with PPh3 to provide lock. Chemical shifts were referenced against PPh3 in CDCl3 (lit.
-5.6 ppm130).

To explore how coordination of alkyl-substituted pyridines impacted on the structure

and bonding of the iBu ZDDP moiety, single crystal X-ray crystallographic analysis

of the resulting 2-alkylpyridine complexes [Zn{κ2-S,S-S2P(OiBu)2}2(L)] {L = 2-MePy

(2), 2-EtPy (3) and 2-iPrPy (4)} (see Appendix A) was undertaken. Complexes 2-4 all

proved to be mononuclear 1:1 alkylpyridine adducts of iBu ZDDP, where the central

zinc atom adopts a trigonal bipyramidal geometry and the pyridine moiety lies in the
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equatorial plane in each case, as found for the parent pyridine complex 1 (Fig. 3.3).

The two Zn-S bonds occupying the equatorial positions are shorter than those located

in the two axial sites. The Zn-N bond distances vary somewhat [2.014(3)-2.0408(17)

Å], with all 2-alkylpyridine adducts having longer Zn-N bond distances than that of

complex 1, though these variations do not correlate with the calculated values of %Vbur.

Alongside this Zn-N bond elongation, the 2-alkylpyridine ligands are tilted (evident from

the Zn-N-C bond angles, Table A.1), which serves to orient the alkyl substituent of the

pyridine ring away from the ZDDP framework, presumably to minimise steric effects

(Fig. 3.8). All other key bond lengths and angles associated with the ZDDP frameworks

of 1-4 were very similar and fell within narrow ranges (Table A.1, Appendix A).

Figure 3.8: Overlaid molecular structures of complexes 1 (blue) and 2 (red) revealing
the tilting of the 2-MePy ligands of 2.

3.2.3 Electronic Effects on ZDDP Complex Formation

To study the effect of electronic factors on ZDDP-amine complex formation an invest-

igation of the coordination of 2- and 3-fluoropyridine (2-FPy and 3-FPy, respectively)

was undertaken, since the electron withdrawing nature of the fluorine atom, reduces the

Lewis basicity of the pyridine ring to varying degrees depending on the substitution

position.
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Figure 3.9: Structures of pyridine-based ligands investigated with varying electronic
properties.

Fluorine was selected specifically as the electron withdrawing substituent since the small

difference in size between hydrogen and fluorine atoms {van der Waals radii 1.20 (H) and

1.47 Å (F)},141 minimises changes in steric demands upon substitution. Additionally,

the binding of 4-methoxypyridine (4-MeOPy) was probed since this derivative provides

considerably enhanced Lewis basicity, but with minimal change in steric demands (Fig.

3.9). The relative differences in Lewis basicity have been assessed from their pKaH

values, while the %Vbur descriptor was again used to confirm changes in steric demands,

which proved minimal, thus allowing the effect of varying Lewis basicity to be investig-

ated in isolation (Table 3.2).

Table 3.2: Calculated values of %Vbur, association constants determined with iBu ZDDP
in hexane and experimentally reported pKaH values.

Ligand pKaH
138,142 Ka (M-1) %Vbur (%)

2-FPy -0.4 - 22

3-FPy 3.0 286 ± 22 20

Py 5.2 3760 ± 399 20

4-MeOPy 6.6 - 20

Upon addition of aliquots of 2-FPy to a hexane solution of iBu ZDDP, no change in

either the chemical shift or the lineshape of the 31P NMR spectroscopic resonance was

observed (Fig. 3.10a). This is attributed to the very weak Lewis basicity (i.e. low pKaH)

of 2-FPy, which precludes adduct formation in solution. However, with the fluorine

substituent further removed from the pyridine nitrogen, i.e. 3-FPy, there is a notable shift

to higher frequency of the phosphorus resonance, accompanied by significant sharpening

to eventually display a resolved pentet following addition of ≥1.5 equivalents of the
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fluoropyridine (Fig. 3.10b); this behaviour mirrors that observed for the alkyl-substituted

pyridine ligands described above. The attenuated Lewis basicity of 3-FPy compared

with Py however, gives rise to the expected decrease in association constant (>10 fold),

despite comparable steric demands (Table 3.2).
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Figure 3.10: Evolution of the 31P[1H] NMR (162 MHz, hexane) spectrum of iBu ZDDP
upon progressive addition of fluoropyridine ligands (a) 2-FPy and (b) 3-FPy. 0.006 M
ZDDP (monomer), CDCl3 insert spiked with PPh3 to provide lock. Chemical shifts were
referenced against PPh3 in CDCl3 (lit. -5.6 ppm130).

The solution-state spectroscopic data are supported in the solid-state by X-ray crystallo-

graphic studies, where only unreacted iBu ZDDP (dimeric form, Fig. 3.11) was isolated

from a hexane solution of iBu ZDDP and 2-FPy (ratio 1:1 or 1:3) after recrystallisa-

tion (EtOH) (cf. identical crystals of complex 1 were obtained from hexane and EtOH

solutions).
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Figure 3.11: Molecular structure of iBu ZDDP (dimeric form) with thermal ellipsoids at
the 50% probability level. Only the first carbon atom of the iBu groups are shown and H
atoms are omitted for clarity.

In contrast, single crystals of complex 5, [Zn{κ2-S,S-S2P(OiBu)2}2(3-FPy)], formed
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upon slow evaporation of a hexane solution of iBu ZDDP and 3-FPy (ratio 1:3) (Fig.

3.12). Complex 5 once again adopts a trigonal bipyramidal geometry at zinc, but as

expected has an elongated Zn-N bond length compared to that determined for 1 [2.034(2)

versus 2.014(3) Å], based on the lower pKaH of 3-FPy compared to Py.

N

Zn S1S1i

P

S2S2i

Pi

O1i O1

O2O2i

F

Figure 3.12: Molecular structure of [Zn{κ2-S,S-S2P(OiBu)2}2(3-FPy)] (5) with thermal
ellipsoids at the 50% probability level; H atoms are omitted for clarity. DTP ligands are
related by a 2-fold rotation axis, however the zinc atom is disordered equally across two
equivalent positions and does not lie on the 2-fold axis. The fluorine atom of 3-FPy is
also disordered equally across two positions. Selected bond distances: Zn-N, 2.034(2) Å;
Zn-S1, 2.525(3) Å, 2.896(3) Å; Zn-S2, 2.351(4), 2.285(4) Å; P-S1, 1.9770(9) Å; P-S2,
1.9957(9) Å. Selected bond angles: S-P-S, 113.55°; S-Zn-S, 78.82(10), 85.86(12)°.

For the most Lewis basic pyridine employed, 4-MeOPy, titration experiments with iBu

ZDDP revealed that up to the addition of 1.5 equivalents of amine, similar increases in
31P NMR chemical shift and resonance sharpening are observed to those discussed in

detail above (Fig. 3.13). Addition of 4-MeOPy beyond 1.5 equivalents, however, led to

the formation of a white precipitate. Subsequent analysis of the supernatant liquid by
31P NMR spectroscopy showed that less than 10% of the phosphorus-containing species

remained in solution and so, consequently, the association constant for 4-MeOPy could

not be determined.
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Figure 3.13: Evolution of the 31P[1H] NMR (162 MHz, hexane) spectrum of iBu ZDDP
upon progressive addition of 4-MeOPy. 0.006 M ZDDP (monomer), CDCl3 insert spiked
with PPh3 to provide lock. Chemical shifts were referenced against PPh3 in CDCl3 (lit.
-5.6 ppm130)

Single crystals suitable for X-ray crystallographic analysis, however, were grown via

slow evaporation of a hexane solution of iBu ZDDP and 4-MeOPy when combined

in a 1:1 ratio. The structure proved to be a mononuclear bis(4-MeOPy) complex of
iBu ZDDP, [Zn{κ1-S-S2P(OiBu)2}2(4-MeOPy)2] (6), which is, to the best of our know-

ledge, the first isolated example of a mononuclear 1:2 ZDDP-amine complex (Fig. 3.14).

Subsequent chemical and X-ray structural analysis of isolated complex 6 and the precip-

itate generated on addition of greater than 1.5 equivalents of 4-MeOPy are in excellent

agreement and identified the two products to be identical (see Fig. 3.15).
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Figure 3.14: Molecular structure of [Zn{κ1-S-S2P(OiBu)2}2(4-MeOPy)2] (6) with
thermal ellipsoids at the 50% probability level; H atoms are omitted for clarity. Selected
bond distances: Zn-N, 2.0328(8) Å; Zn-S1, 2.3340(3) Å; P-S1, 2.0197(3) Å; P-S2,
1.9414(3) Å. Selected bond angles: S-P-S, 118.679(15)°.
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Figure 3.15: Experimental and simulated PXRD patterns obtained for complex 6. The
simulated PXRD pattern was produced using structural data from single-crystal X-ray
crystallographic analysis with the aid of Mercury software.143

The structure of 6 contrasts with all the five-coordinate trigonal bipyramidal ZDDP-Py’

complexes described previously in this work (1-5). Complex 6 contains a four-coordinate

tetrahedral zinc centre resulting from the coordination of two 4-MeOPy ligands and two

κ1-S-DTP ligands. The adoption of this structure is attributed to the strongly Lewis basic
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character of 4-MeOPy, which binds preferentially displacing the κ2-S,S coordination of

the DTP ligands. Monodentate DTP binding is clearly evidenced by the difference in

Zn-S bond distances [Zn-S1 2.3340(3) Å, Zn-S2 3.7545(4) Å] and mirrored by the P-S

bond lengths [P-S1 2.0197(3) Å, P-S2 1.9414(3) Å]. This mode of coordination is ac-

companied by a significant widening of the S-P-S bond angle [118.679(15)°] compared

to a value of approximately 112° found for the chelating (anisobidentate) DTP ligands

of the mono(Py’) complexes 1-5 described above.

3.2.4 Thermal Behaviour of ZDDP-Py’ Complexes

ZDDPs degrade in situ, under standard engine operating conditions (high T), to form

protective antiwear tribofilms – a process attributed to a combination of thermal and

mechanochemical drivers. Indeed, it has long been recognised that the thermal stability

of ZDDPs is inversely related to antiwear effectiveness. This relationship is rationalised

based on more efficient degradation and faster formation of a protective tribofilm (see

Section 1.2.2.8.2).144 It is therefore of significant interest to investigate the impact of the

previously observed ZDDP-Py’ complex formation on the thermal behaviour of ZDDP-

amine systems.

Here, a study of the thermal behaviour of (RT-500 °C) of representative 1:1, 1:2 and

pyridine-free complexes [Zn{κ2-S,S-S2P(OiBu)2}2(Py)] (1), [Zn{κ1-S-S2P(OiBu)2}2(4-

MeOPy)2] (6) and iBu ZDDP were performed by TGA-MS. Relative intensities asso-

ciated with diagnostic m/z ratios of known (volatile) degradation products of ZDDPs

were examined, specifically H2S (m/z = 34) and C4 olefins (m/z = 56),54 as well as

those of pyridine (m/z = 79) or 4-MeOPy (m/z = 109) where appropriate. Olefins are a

primary degradation product of alkyl ZDDPs and are suggested to form through a con-

certed β-hydrogen transfer elimination mechanism (Section 1.2.2.8.2, Scheme 1.4).56

The phosphorus-containing degradation product can further decompose by loss of more

olefin and/or various sulfur-containing species, including hydrogen sulfide.†

†ZDDPs are known to undergo thermal degradation via a combination of two mechanisms, namely,
sequential alkyl transfer and the olefin elimination pathway described briefly above. For a branched
primary alkyl ZDDP, such as iBu ZDDP used in this work, both mechanisms are expected to contribute
significantly to the thermal degradation (see Section 1.2.2.8.2).
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The TGA, corresponding DTG curve, and MS responses of selected m/z ratios arising

from thermolysis of iBu ZDDP are shown in Figure 3.16. These data show that iBu

ZDDP degrades around 250 °C through a single well-defined mass loss event associated

with the degradation of DTP ligands with the evolution of C4 olefins (m/z = 56) and H2S

(m/z = 34). This is consistent with reports regarding the degradation of branched primary

alkyl ZDDPs, with the slightly delayed onset of H2S formation to higher temperature

being expected, as it is known to be a later stage decomposition product compared to

olefin formation, which is a primary degradation pathway.36 The black residue remaining

following thermal decomposition is ascribed to polymeric zinc (thio)phosphate {this

assignment was confirmed by solid-state 31P NMR spectroscopy (data not presented)

and elemental analysis (vide infra)}.

59.21% loss

*

Figure 3.16: TGA and DTG thermograms for the degradation of iBu ZDDP, top, and the
associated MS data, bottom. Significant mass loss events are marked with an asterisk.
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In contrast, the thermal degradation of the related pyridine complex 1, occurs via a two-

stage process (Fig. 3.17). The first component of the thermolysis pathway occurs over

the temperature range of 80-220 °C and accounts for a mass loss of 12.41%.

12.41% loss

65.60% loss

*

*

Figure 3.17: TGA and DTG thermograms for the degradation of [Zn{κ2-S,S-
S2P(OiBu)2}2(Py)] (1), top, and the associated MS data, bottom. Significant mass loss
events are marked with an asterisk.

This primary mass loss event is then followed by a second much narrower event profile

centred at ~250 °C. The MS data clearly identify the first event as liberation of coordin-

ated pyridine (m/z = 79), producing iBu ZDDP, which undergoes thermal degradation in

a manner exactly analogous to that of the parent iBu ZDDP (Fig. 3.16). The observed

mass loss (RT-200 °C) of 12.41% is consistent with liberation of all coordinated Py

ligands (calculated: 12.61%) providing additional support for the proposed degradation

pathway. This discrete two-stage process is further confirmed through TGA-MS ex-
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periments performed with a slower heating rate, whereby separation of thermal events

becomes more distinct (Fig. 3.18).

Figure 3.18: Associated MS data for the degradation of [Zn{κ2-S,S-S2P(OiBu)2}2(Py)]
(1) at a slower heating rate of 1 °C min-1.

The thermal behaviour of [Zn{κ1-S-S2P(OiBu)2}2(4-MeOPy)2] (6) was also investigated

by TGA-MS (Fig. 3.19). In contrast to the behaviour of the five-coordinate Py complex

1, the associated MS data for 6 did not prove as diagnostic, with 4-MeOPy not being

detected across the full temperature range studied (RT-500 °C). However, independent

tests attribute this to a limitation of the TGA-MS system used, in which the heated

transfer line linking the TGA and MS modules cannot be heated sufficiently to enable

passage of the poorly volatile 4-MeOPy (b.p. 193 °C138). Despite this, the TGA/DTG

data arising from the thermolysis of complex 6 offers some insight. The initial mass

loss event spanning the window 75-160 °C (13.89% loss in mass), is consistent with

the liberation of one 4-MeOPy ligand (calculated: 14.24%) from the bis(4-MeOPy)

complex 6. This mirrors what is observed by atmospheric solids analysis probe mass

spectrometry (ASAP-MS),145 where even under a range of different conditions only

the mono(4-MeOPy) molecular ion (m/z 656.1 [MH–(4-MeOPy)]+) was observed upon

mass spectrometric analysis of complex 6.

The origin of the second broader mass event during thermolysis of 6 is less obvious.

However, from the MS data, it can be seen that the temperature ranges over which

formation of C4 olefins and H2S are liberated are the same as those arising from the
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degradation of iBu ZDDP alone. Based on this observation, the broadened mass loss

event (160-270 °C) can be explained by the slow loss of the second 4-MeOPy, an

event that then overlaps with the degradation of the DTP ligands of iBu ZDDP or the

monoadduct [Zn{κ1-S-S2P(OiBu)2}2(4-MeOPy)]. These data are consistent with the

greater Lewis basicity of 4-MeOPy compared with that of Py (Table 3.2), which renders

the methoxy-substituted derivative less labile.

13.89% loss

74.19% loss *

*

Figure 3.19: TGA and DTG thermograms for the degradation of [Zn{κ1-S-
S2P(OiBu)2}2(4-MeOPy)2] (6), top, and the associated MS data, bottom. Significant
mass loss events are marked with an asterisk.

Subsequently, the residual non-volatile decomposition residues remaining post TGA-MS

studies were investigated further by elemental analysis (Table 3.3), as it is these residues

that are likely to be closely related to the target ZDDP-derived antiwear films. From
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these analytical data, it is evident that the residue from thermolysis of the bis(4-MeOPy)

complex 6 is significantly more sulfur-rich (11.33 wt.% S) than the residues obtained

from the decomposition of iBu ZDDP and the mono(Py) complex 1 (8.09 and 8.68

wt.% S, respectively). These observations are consistent with less H2S (relative to C4

olefin, m/z = 56) being produced in the thermolysis of 6 (Fig. 3.19). Furthermore, the

decomposition residue was determined to possess a significant nitrogen content, which

most likely indicates that some 4-MeOPy remains bound to zinc during the thermal de-

composition process, giving rise to the formation of 4-MeOPy complexes of the resulting

polymeric zinc (thio)phosphate species. The formation of such zinc/nitrogen-containing

species from the thermolysis of ZDDP-amine complexes has been reported previously,

but only for multidentate amines under milder thermolytic conditions.146 Finally, the

elemental analysis data for the residue following thermolysis of complex 1 were in

reasonable agreement with those found for iBu ZDDP and thus supports the two-stage

decomposition proposed from TGA-MS data, though carbon contents appear slightly

reduced, which may suggest olefin formation is promoted somewhat.

Table 3.3: Elemental composition of the ultimate thermal degradations residue products
from TGA-MS studies (RT-500 °C, 10 °C min-1, helium flow (30 ml min-1)).

Complex %C %H %N %S %P %Zn

iBu ZDDP 8.12 1.04 0.00 8.09 18.98 25.62

1 5.72 1.47 0.00 8.68 18.28 27.40

6 7.42 0.96 1.35 11.33 16.96 30.04

As a whole, thermal analysis studies have revealed that complexation of a pyridine base

forming mono(Py) ZDDP complexes such as 1, has little to no effect on the ultimate non-

volatile residue products. This is justified based on the two-stage decomposition pathway

proposed following TGA-MS studies. In contrast, for the bis(4-MeOPy) complex 6, the

resulting decomposition residue proved to be more sulfur-rich and likely contains resid-

ual, bound 4-MeOPy. An explanation for this is that the less labile, methoxy-substituted

pyridine disfavours H2S formation, resulting in a more sulfur-rich decomposition residue

that also contains residual nitrogen.
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3.2.5 Identifying DTP Binding Modes Using Raman Spectroscopy

Since DTP ligands can coordinate to metals in a variety of different binding modes

that significantly impact upon the reactivity of the complex (Fig. 3.1), attempts have

been made to probe the nature of the metal-DTP interaction using IR and 31P NMR

spectroscopies, for systems where suitable crystal data are not available.122,124,125,147

However, IR spectroscopy has proved of little use in this regard since although some

variations in key vibrations are observed, attempts to correlate these changes with struc-

tural differences has been relatively unsuccessful, leading some to conclude that IR is

not a suitable diagnostic tool for determining the nature of DTP binding.122,125,131,148

In contrast, 31P NMR spectroscopy has proved much more diagnostic, with early cor-

relations by Glidewell showing that the chemical shift of phosphorus in DTP ligands

is sensitive to ligand binding mode,147 despite some doubts regarding the universal

applicability of the generalisations made.149 This work has been extended to ZDDPs and

ZDDP-amine adducts more specifically, in order to develop a method to readily detect

DTP binding modes for such systems.42,124,126 Indeed, Drew et al. have shown that for

a series of nitrogen base adducts of ZDDPs there is a strong correlation between the

solution-state 31P NMR chemical shift and DTP binding mode.124 Subsequently, Har-

rison and Kikabhai have established that amine-induced changes in 31P NMR chemical

shift in solution arise from a variation in the S-P-S bond angle, a parameter that correlates

well with DTP binding mode. Ultimately, widening of the S-P-S angle gave rise to

high frequency shifts in the 31P NMR spectrum.42 Further to this, using a combination

of 31P MAS-NMR and X-ray crystallography, Harrison and Sebald have established

typical 31P NMR chemical shift values for the various DTP binding modes displayed

in ZDDP-amine complexes (Table 3.4).126

However, although quite useful generalisations, as noted by the authors themselves,

exceptions to the correlations made are only too apparent. Indeed, the DTP binding

mode of [Zn{κ1-S-S2P(OiBu)2}2(4-MeOPy)2] (6) would be wrongly assigned as sym-

metrically or, at best, anisobidentate chelating based on either solid- or solution-state 31P

NMR chemical shift data (δ 100.0 or 101.7 (0.05 M, CDCl3), respectively). However,
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the crystallographically-determined structure of 6 clearly confirms both DTP ligands to

be equivalent and bound in a monodentate κ1-S fashion (Fig. 3.14). Consequently, we

have sought to establish an alternative complementary spectroscopic technique in order

to unambiguously assign DTP binding modes, something we have achieved using Raman

spectroscopy.

Table 3.4: Correlations between 31P NMR chemical shift and DTP binding modes.126

31P Chemical Shift (ppm) Binding Mode Chemical Representation

δ (31P) < 100 Symmetrically
Chelating or Bridging

P
S

S

RO

RO
M P

S

S

RO

RO M

M

100 ≤ δ (31P) ≤ 105 Anisobidentate
Chelating

P
S

S

RO

RO
M

δ (31P) ~ 106 Monodentate P
S

S

RO

RO M

δ (31P) > 110 Ionic P
S

S

RO

RO
M

By comparing the IR and Raman vibrations of the PS2 moiety of ZDDPs with other

DTP-containing species, Paddy concluded that the absence of a strong vibration around

660 cm-1 (ν (PS2)asym) in the Raman spectrum of ZDDPs indicated symmetrical DTP

binding (chelating or bridging).150 This is justified as the similarly positioned ν (P=S)

vibration expected for a monodentate DTP ligand would have a strong Raman intensity.

Based on this report, the utility of Raman spectroscopy as a diagnostic tool in determin-

ing DTP binding mode was explored for the ZDDP-amine adducts studied in this work,

where the absence (or presence) of a Raman vibration near 660 cm-1 was investigated

as an indicator of binding mode. To confirm the applicability of this method the Raman

spectra of iBu ZDDP and the isolated complex 6 were initially investigated (Fig. 3.20).
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Figure 3.20: Solid-state Raman spectra (500-900 cm-1) of iBu ZDDP, top, and
[Zn{κ1-S-S2P(OiBu)2}2(4-MeOPy)2] (6), bottom.

Focussing only on the region associated with PS2 vibrations, it is apparent that for iBu

ZDDP no Raman band is observed near 660 cm-1, thus suggesting symmetrical DTP

binding. This is in agreement with the known molecular structure of iBu ZDDP, which

possesses symmetrically chelating and bridging DTP ligands as depicted in Figure 3.11,

as previously reported by Woollins and co-workers.41 In contrast, the Raman spectrum

of complex 6 presents a strong band at 660 cm-1, which has been attributed to ν (P=S),

something therefore indicative of a monodentate mode of DTP binding. This is an

important result as in the absence of crystal data, the DTP binding mode of this complex

would be wrongly assigned using 31P NMR chemical shift correlations alone.

In the intermediate case, where the DTP ligand binding mode lies somewhere between
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symmetrical κ2-S,S and κ1-S binding modes (i.e. anisobidentate binding modes), the

relative intensity of the ν (PS2)asym/ν (P=S) is expected to lie somewhere between that

observed for monodentate and symmetrically-bound κ2-S,S DTP ligands, increasing as

the difference in P-S bond lengths becomes larger and the two bonds progressively

move closer to assuming P-S and P=S character. This expectation is consistent with

the observed Raman spectrum of the complex [Zn{κ2-S,S-S2P(OiBu)2}2(Py)] (1) (Fig.

3.21), where the DTP ligands are known to be anisobidentate (Fig. 3.3).
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Figure 3.21: Solid-state Raman spectrum (500-900 cm-1) of
[Zn{κ2-S,S-S2P(OiBu)2}2(Py)] (1).

Although currently this Raman spectroscopic analysis is qualitative, there is potential

scope to develop it into a quantitative analysis by correlating the relative intensity of the

660 cm-1 Raman vibration to the DTP binding mode for compounds of known structure,

akin to that previously performed using 31P NMR spectroscopy. Finally, it should be

noted that IR spectroscopy is not diagnostic for any of the complexes investigated in this

work, with a relatively strong IR stretch near 660 cm-1 apparent for the symmetrical,

anisobidentate and monodentate configurations of iBu ZDDP, and complexes 1 and 6,

respectively.

3.3 Conclusions

The use of 31P NMR spectroscopic titration studies has shown that the propensity of

ZDDP adduct formation with pyridine ligands is strongly dependent on the nature of
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the Lewis bases employed. This has been quantified through the estimation of associ-

ation constants in solution and subsequently correlated to steric (%Vbur) and electronic

(pKaH) parameters for the various nitrogenous bases. Pyridine, 3-FPy and various 2-alkyl

pyridine ligands form mononuclear adducts with iBu ZDDP; they possess a trigonal

bipyramidal structure with DTP ligands bound in an anisobidentate chelating fashion.

Contrastingly, the more electron-rich 4-MeOPy forms a mononuclear di-adduct, which

displays a distorted tetrahedral structure, with DTP ligands bound in the far less com-

monly reported, monodentate κ1-S-S2P(OiBu)2 fashion.

TGA-MS studies have demonstrated that the thermal degradation of mono(pyridine)

adducts, such as complex 1, occurs via initial liberation of coordinated pyridine to yield

‘free’ iBu ZDDP. This amine-free ZDDP subsequently breakdowns further to produce

C4 olefins and H2S and occurs at the same temperature to that found for pure iBu ZDDP.

The thermal degradation pathway of the di-adduct 6 is slightly more complex. However,

it also appears to involve initial liberation of one pyridine ligand, while the second

broader mass loss observed can be rationalised as slow displacement of the second 4-

MeOPy ligand, a process that takes place at a temperature at which the degradation of the

DTP ligands on either ‘free’ or ‘complexed’ iBu ZDDP also occurs. Elemental analysis

on the ultimate degradation residues post TGA-MS studies shows that for complex 6

the ultimate decomposition products are more sulfur-rich and also contain a significant

amount of nitrogen, most likely arising from the presence of residual 4-MeOPy bound

to zinc, which appears to suppress H2S formation.

Finally, the ability of Raman spectroscopy to function as a diagnostic tool for assign-

ing DTP binding modes has been highlighted. Further work will seek to correlate the

relative intensity of ν (PS2)asym/ν (P=S) vibrations with DTP binding mode, in order to

develop quantitative guidelines to aid in diagnosing DTP binding mode for complexes

of unknown structure.

Together, this study highlights how components of lubricant additive packages contain-

ing Lewis basic nitrogen centres could cause unexpected performance alterations as a

result of complexation with the key ZDDP component, which degrades to form the es-
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sential anti-wear film. An understanding of how to modulate or control these interactions

is desirable since this would allow for the future selection or design of optimal additive

combinations – either preventing coordination or using zinc-amine binding to control

ZDDP degradation.

3.4 Experimental

3.4.1 General Considerations

Chemicals and Solvents: Air/moisture sensitive manipulations were performed under

an atmosphere of dry nitrogen using standard Schlenk line techniques with oven dried

glassware. Dry solvents were obtained from an Innovative Technologies SPS facility

and degassed prior to use by freeze-pump-thaw cycles. iBu ZDDP was synthesised

using literature procedures and its purity verified by NMR spectroscopy (1H and 31P)

and elemental analysis.151 All other chemicals were purchased and used as received

from commercial suppliers, unless otherwise stated.

NMR Spectroscopy: Solution-phase NMR spectra were collected on a Varian Mercury

400, Varian Inova 500, Varian VNMRS-700, Bruker Advance 400 or a Varian VNMRS-

600 spectrometer at room temperature unless otherwise stated. All chemical shifts were

referenced relative to residual solvent resonances (1H, 13C) or to external aqueous 85%

H3PO4 (31P). 1H and 13C NMR spectra were assigned with the aid of 2D COSY, HMBC

and HSQC spectroscopic experiments. Solid-state 31P NMR spectra were collected on a

Varian VNMRS spectrometer room temperature and referenced to H3PO4.

Mass Spectrometry: ASAP mass spectra were collected using a LCT Premier XE

(Waters Ltd, UK) while accurate mass measurements (ESI) were collected using a QToF

Premier (Waters Ltd, UK) mass spectrometer. In most cases, softer ionisation conditions

(typical modified conditions: temperature = 150 °C, cone voltage = 10 V) were necessary

to observe the desired molecular ions of ZDDP-Py’ complexes by ASAP-MS.

TGA-MS: Thermogravimetric Analysis-Mass Spectrometry (TGA-MS) experiments were
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performed on a Perkin Elmer Pyris 1 TGA employing ceramic pans and a heating rate of

10 °C min-1. The sample gas flow was helium (CP grade, BOC) at 30 mL min-1. Evolved

sample gases were transferred directly to a Hiden HPR20 QIC mass spectrometer (which

operates through an electron ionisation source at 70 eV and a quadrupole mass filter) via

a ceramic-lined heated transfer line. The MS detector was configured for Selective Ion

Monitoring (SIM) of certain diagnostic m/z ratios as required.

Raman Spectroscopy: Raman spectra were recorded using a Horiba Jobin-Yvon Lab-

RAM HR spectrometer equipped with a 633 nm HeNe laser. Collected spectra were

baseline corrected using an adaptive baseline correction in Spekwin32.152

PXRD: X-ray powder diffraction (PXRD) analysis was performed on a Bruker D8

Advance diffractometer utilising Cu Kα radiation (λ = 1.5406 Å) at scattering angles

(2θ ) from 5° to 50° with a step size of 0.02°.

Elemental Analysis: C, H and N contents were determined by combustion (Exeter

Analytical CE440). Sulfur contents were also determined by combustion and performed

by MEDAC Ltd. Phosphorus and zinc contents were determined (after dissolution in hot

HNO3) by inductively coupled plasma optical emission spectrometry (ICP-OES, Thermo

Scientific iCAP 6000 Series).

DFT Calculations: The structure of 2-tBuPy was geometry optimised by DFT at the

B3LYP/6-31G(d) level of theory using Gaussian09 software.153 No imaginary frequen-

cies were found from frequency calculations on the optimised geometry and indicate

the obtained geometry is a true minimum. The optimised geometry was then used to

determine a value of percentage buried volume (%Vbur).

3.4.2 Synthesis of 2-Alkyl Pyridine Ligands

2-iPrPy and 2-tBuPy were synthesised using the methods of Pasquinet et al. with slight

modifications.154
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Preparation of 2-isopropylpyridine (2-iPrPy)

A stirred solution of 2-ethylpyridine (5.62 g, 52.4 mmol) in dry, degassed THF (35

cm3) was cooled to -30 °C in a dried, nitrogen-flushed three-necked round bottom flask.

n-BuLi (22 cm3, 55.0 mmol) was added dropwise over a period of 30 minutes, with the

temperature being maintained between -30 °C and -20 °C, to give a deep red solution.

The solution was then allowed to stir for a further 1 hour before cooling to -50 °C.

Methyl iodide (8.18 g, 57.6 mmol) in dry, degassed THF (10 cm3) was then added slowly

between -50 °C and -40 °C to give an orange solution. After stirring for a further 30

minutes at -40 °C and subsequent hydrolysis (25 cm3 of water), the reaction mixture was

made acidic with 6 cm3 of conc. HCl and extracted with ether (50 cm3). The aqueous

layer was treated with solid K2CO3 (pH 8) and extracted with DCM (3 × 40 cm3). After

drying (MgSO4) and filtration, the volatile components were removed in vacuo at room

temperature. Twice distillation (155-157 °C / 760 mmHg) gave the title compound as a

pale yellow liquid (3.21 g, 51% yield).

1H NMR (700 MHz, Chloroform-d) δ 8.52 (d, J = 4.8 Hz, 1H, 6-Py CH), 7.58 (td, J =

7.7, 1.9 Hz, 1H, 4-Py CH), 7.15 (d, J = 7.7 Hz, 1H, 3-Py CH), 7.07 (ddd, J = 7.7, 4.8,

1.2 Hz, 1H, 5-Py CH), 3.05 (hept, 3JHH = 6.9 Hz, 1H, 2-Py CH(CH3)2), 1.29 (d, 3JHH =

6.9 Hz, 6H, 2-Py CH(CH3)2).

13C NMR (176 MHz, Chloroform-d) δ 167.4 (2-Py C), 149.2 (6-Pyr CH), 136.5 (4-Py

CH), 121.1 (5-Py CH), 120.7 (3-Py CH), 36.5 (2-Py CH(CH3)2), 22.7 (2-Py CH(CH3)2).

HRMS (ESI) m/z Calc. for [M+H]+ C8H12N 122.0970; Found 122.0954.

Preparation of 2-tert-butylpyridine (2-tBuPy)

A stirred solution of potassium tert-butoxide (0.70 g, 6.2 mmol) and diisopropylamine

(0.63 g, 6.2 mmol) in dry, degassed THF (10 cm3) was cooled to -70 °C in a dry, nitrogen-

flushed two-necked round bottom flask. n-BuLi (2.8 cm3, 6.2 mmol) was then added

slowly, before warming to -50 °C over 15 minutes and addition of 2-isopropylpyridine

(0.50 g, 4.1 mmol) to give a deep red solution. The solution was then stirred for a further

30 minutes and cooled to -75 °C. Methyl iodide (1.8 g, 12.4 mmol) in dry, degassed

THF (3 cm3) was slowly added and allowed to react for a further 2 hours at -75 °C. After
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hydrolysis (10 cm3 of water), DCM extraction (3 × 15 cm3) and drying (MgSO4), the

volatile components were removed in vacuo at room temperature. The crude product

was purified by column chromatography on silica gel using hexane/ethyl acetate (99:1)

as the eluent to yield the title compound as a colourless liquid (0.34 g, 61% yield).

1H NMR (600 MHz, Chloroform-d) δ 8.56 (d, J = 4.9 Hz, 1H, 6-Py CH), 7.59 (td, J =

7.8, 2.0 Hz, 1H, 4-Py CH), 7.33 (d, J = 7.8 Hz, 1H, 3-Py CH), 7.07 (ddt, J = 7.8, 4.9,

0.8 Hz, 1H, 5-Py CH), 1.37 (s, 9H, 2-Py C(CH3)3).

13C NMR (151 MHz, Chloroform-d) δ 169.4 (2-Py C), 148.7 (6-Py CH), 136.3 (4-Py

CH), 120.7 (5-Py CH), 119.2 (3-Py CH), 77.2 (2-Py C(CH3)3), 30.3 (2-Py C(CH3)3).

HRMS (ESI) m/z Calc. for [M+H]+ C9H14N 136.1126; Found 136.1116.

3.4.3 Synthesis of 1:1 ZDDP-Py’ Complexes

General Procedure

ZDDP-pyridine complexes were obtained by adding either a stoichiometric amount or

excess pyridine-based ligand (ratio 3:1) to a solution of iBu ZDDP (0.15 g, 0.27 mmol)

in hexane or ethanol (10 cm3). After stirring for 30 minutes and allowing the mixture

to stand at room temperature, colourless, crystalline complexes formed over the period

of hours to days. The resulting crystalline materials were isolated by filtration, washed

with hexane and dried in air.

[Zn{κ2-S,S-S2P(OiBu)2}2(Py)] (1)

1H NMR (400 MHz, Chloroform-d) δ 9.05 – 9.02 (m, 2H, 2,6-Py CH), 7.99 (tt, J = 7.7,

1.7 Hz, 1H, 4-Py CH), 7.61 – 7.54 (m, 2H, 3,5-Py CH), 3.88 (dd, 3JPH = 8.3 Hz, 3JHH =

6.7 Hz, 8H, OCH2CH(CH3)2), 2.00 (nonet, 3JHH = 6.7 Hz, 4H, OCH2CH(CH3)2), 0.95

(d, 3JHH = 6.7 Hz, 24H, OCH2CH(CH3)2).

31P{1H} NMR (162 MHz, Chloroform-d) δ 100.6 (s).

31P{1H} SSNMR (162 MHz) δ 101.8 (s).

13C{1H} NMR (151 MHz, Chloroform-d) δ 149.3 (2,6-Py CH), 139.9 (4-Py CH), 125.3



3.4 Experimental 77

(3,5-Py CH), 73.8 (d, 2JCP = 7.6 Hz, OCH2CH(CH3)2), 29.0 (d, 3JCP = 8.6 Hz,

OCH2CH(CH3)2), 19.1 (OCH2CH(CH3)2).

MS (ASAP) m/z 626.1 (100%, [M+H]+), 547.0 (32%, [M-Py+H]+), 384.0 (4%, [M-

(DTP)-]+).

(Calc.: C, 40.22; H, 6.59; N, 2.23. Found: C, 40.05; H, 6.54; N, 2.13).

[Zn{κ2-S,S-S2P(OiBu)2}2(2-MePy)] (2)

1H NMR (400 MHz, Chloroform-d) δ 8.93 (ddd, J = 5.4, 1.8, 1.1 Hz, 1H, 6-Py CH),

7.81 (td, J = 7.7, 1.8 Hz, 1H, 4-Py CH), 7.41 – 7.29 (m, 2H, 3,5-Py CH), 3.83 (dd, 3JPH

= 8.4 Hz, 3JHH = 6.7 Hz, 8H, OCH2CH(CH3)2), 2.90 (s, 3H, 2-Py CH3), 1.97 (nonet,
3JHH = 6.7 Hz, 4H, OCH2CH(CH3)2), 0.92 (d, 3JHH = 6.7 Hz, 24H, OCH2CH(CH3)2).

31P{1H} NMR (162 MHz, Chloroform-d) δ 100.3 (s).

31P{1H} SSNMR (162 MHz) δ 101.2 (s).

13C{1H} NMR (151 MHz, Chloroform-d) δ 158.9 (2-Py C), 149.5 (6-Py CH), 139.6

(4-Py CH), 125.7 (3-Py CH), 122.1 (5-Py CH), 73.8 (d, 2JCP = 7.4 Hz, OCH2CH(CH3)2),

28.9 (d, 3JCP = 8.5 Hz, OCH2CH(CH3)2), 24.7 (2-Py CH3, 19.0 (OCH2CH(CH3)2).

MS (ASAP) m/z 640.1 (100%, [M+H]+), 547.0 (75%, [M-(2-MePy)+H]+).

(Calc.: C, 41.21; H, 6.76; N, 2.18. Found: C, 41.24; H, 6.76; N, 2.13).

[Zn{κ2-S,S-S2P(OiBu)2}2(2-EtPy)] (3)

1H NMR (400 MHz, Chloroform-d) δ 8.92 (ddd, J = 5.4, 1.8, 0.8 Hz, 1H, 6-Py CH), 7.84

(td, J = 7.9, 1.8 Hz, 1H, 4-Py CH), 7.37 (d, J = 7.9 Hz, 1H, 3-Py CH), 7.35 – 7.29 (m, 1H,

5-Py CH), 3.85 (dd, 3JPH = 8.4 Hz, 3JHH = 6.7 Hz, 8H, OCH2CH(CH3)2), 3.23 (q, 3JHH

= 7.6 Hz, 2H, 2-Py CH2CH3), 1.98 (nonet, 3JHH = 6.7 Hz, 4H, OCH2CH(CH3)2), 1.39

(t, 3JHH = 7.6 Hz, 3H, 2-Py CH2CH3), 0.93 (d, 3JHH = 6.7 Hz, 24H, OCH2CH(CH3)2).

31P{1H} NMR (162 MHz, Chloroform-d) δ 100.0 (s).

31P{1H} SSNMR (162 MHz) δ 101.2 (s).
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13C{1H} NMR (151 MHz, Chloroform-d) δ 164.0 (2-Py C), 149.4 (6-Py CH), 139.4

(4-Py CH), 123.6 (3-Py CH), 122.1 (5-Py CH), 73.8 (d, 2JCP = 7.4 Hz, OCH2CH(CH3)2),

31.2 (2-Py CH2CH3), 28.9 (d, 3JCP = 8.6 Hz, OCH2CH(CH3)2), 19.0 (OCH2CH(CH3)2),

13.8 (2-Py CH2CH3).

MS (ASAP) m/z 654.1 (35%, [M+H]+), 547.0 (100%, [M-(2-EtPy)+H]+), 412.0 (6%,

[M-(DTP)-]+), 108.1 (97%, [(2-EtPy)+H]+).

(Calc.: C, 42.16; H, 6.92; N, 2.14. Found: C, 41.97; H, 6.88; N, 2.03).

[Zn{κ2-S,S-S2P(OiBu)2}2(2-iPrPy)] (4)

1H NMR (400 MHz, Chloroform-d) δ 8.85 (ddd, J = 5.4, 1.8, 1.0 Hz, 1H, 6-Py CH),

7.82 (td, J = 7.7, 1.8 Hz, 1H, 4-Py CH), 7.37 (dt, J = 7.7, 1.2 Hz, 1H, 3-Py CH), 7.28

(ddd, J = 7.7, 5.4, 1.2 Hz, 1H, 5-Py CH), 3.87 (dd, 3JPH = 8.4 Hz, 3JHH = 6.7 Hz, 8H,

OCH2CH(CH3)2), 3.60 (hept, 3JHH = 6.9 Hz, 1H, 2-Py CH(CH3)2), 2.00 (nonet, 3JHH

= 6.7 Hz, 4H, OCH2CH(CH3)2), 1.37 (d, 3JHH = 6.9 Hz, 6H, 2-Py CH(CH3)2), 0.94 (d,
3JHH = 6.7 Hz, 24H, OCH2CH(CH3)2).

31P{1H} NMR (162 MHz, Chloroform-d) δ 99.7 (s).

31P{1H} SSNMR (162 MHz) δ 101.9 (s), 99.9 (s) (ratio 1:1). Two resonances arising

from two inequivalent DTP ligands – consistent with molecular structure.

13C{1H} NMR (151 MHz, Chloroform-d) δ 168.3 (2-Py C), 149.0 (6-Py CH), 139.2

(4-Py CH), 122.2 (5-Py CH), 121.8 (3-Py CH) 74.0 (d, 2JCP = 7.4 Hz, OCH2CH(CH3)2),

36.8 (2-Py CH(CH3)2), 28.9 (d, 3JCP = 8.7 Hz, OCH2CH(CH3)2), 23.2 (2-Py CH(CH3)2),

19.0 (OCH2CH(CH3)2).

MS (ASAP) m/z 668.1 (43%, [M+H]+), 547.0 (79%, [M-(2-iPrPy)+H]+), 426.1 (3%,

[M-(DTP)-]+), 122.1 (100%, [(2-iPrPy)+H]+).

(Calc.: C, 43.08; H, 7.08; N, 2.09. Found: C, 43.03; H, 7.05; N, 2.02).

[Zn{κ2-S,S-S2P(OiBu)2}2(3-FPy)] (5)

1H NMR (400 MHz, Chloroform-d) δ 8.89 (ddd, J = 2.6, 1.9, 0.6 Hz, 1H, 2-Py CH), 8.83
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(dt, J = 5.1, 1.2 Hz, 1H, 6-Py CH), 7.72 – 7.65 (m, 1H, 4-Py CH), 7.60 – 7.53 (m, 1H,

5-Py CH), 3.90 (dd, 3JPH = 8.3 Hz, 3JHH = 6.7 Hz, 8H, OCH2CH(CH3)2), 2.03 (nonet,
3JHH = 6.7 Hz, 4H, OCH2CH(CH3)2), 0.97 (d, 3JHH = 6.7 Hz, 24H, OCH2CH(CH3)2).

31P{1H} NMR (162 MHz, Chloroform-d) δ 99.6 (s).

31P{1H} SSNMR (162 MHz) δ 101.2 (s).

13C{1H} NMR (151 MHz, Chloroform-d) δ 160.0 (d, 1JCF = 256.4 Hz, 3-Py C), 145.6

(d, 4JCF = 4.3 Hz, 6-Py CH), 138.4 (d, 2JCF = 28.5 Hz, 2-Py CH), 126.6 (d, 2JCF

= 17.9 Hz, 4-Py CH), 126.1 (d, 3JCF = 5.1 Hz, 5-Py CH), 74.0 (d, 2JCP = 7.6 Hz,

OCH2CH(CH3)2), 29.0 (d, 3JCP = 8.6 Hz, OCH2CH(CH3)2), 19.0 (OCH2CH(CH3)2).

MS (ASAP) m/z 644.1 (100%, [M+H]+), 547.0 (45%, [M-(3-FPy)+H]+).

(Calc.: C, 39.10; H, 6.25; N, 2.17. Found: C, 39.01; H, 6.23; N, 2.07).

3.4.4 Synthesis of 1:2 ZDDP-Py’ Complex

General Procedure

A stoichiometric amount of 4-MeOPy was added to a solution of iBu ZDDP (0.15 g, 0.27

mmol) in hexane (10 cm3) and the reaction mixture was stirred for 30 minutes. Upon

standing at room temperature, a colourless crystalline solid formed and was subsequently

isolated by filtration, washed with hexane and dried in air.

[Zn{κ1-S-S2P(OiBu)2}2(4-MeOPy)2] (6)

1H NMR (400 MHz, Chloroform-d) δ 8.70 – 8.67 (m, 2H, 2,6-Py CH), 6.95 – 6.90 (m,

2H, 3,5-Py CH), 3.90 (s, 3H, 4-Py OCH3), 3.81 (dd, 3JPH = 8.2 Hz, 3JHH = 6.7 Hz, 8H,

OCH2CH(CH3)2), 1.95 (nonet, 3JHH = 6.7 Hz, 4H, OCH2CH(CH3)2), 0.92 (d, 3JHH =

6.7 Hz, 24H, OCH2CH(CH3)2).

31P{1H} NMR (162 MHz, Chloroform-d) δ 101.7 (s).

31P{1H} SSNMR (162 MHz) δ 100.0 (s).

13C{1H} NMR (151 MHz, Chloroform-d) δ 167.4 (4-Py C), 151.2 (2,6-Py CH), 110.7
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(3,5-Py CH), 73.4 (d, 2JCP = 7.8 Hz, OCH2CH(CH3)2), 55.8 (4-Py OCH3), 28.9 (d, 3JCP

= 8.7 Hz, OCH2CH(CH3)2), 19.1 (OCH2CH(CH3)2).

MS (ASAP) m/z 656.1 (39%, [M-(4-MeOPy)+H]+), 547.0 (29%, [M-2(4-MeOPy)+H]+),

523.1 (72%, [M-(DTP)-]+), 110.1 (100%, [(4-MeOPy)+H]+). (N.B. molecular ion not

observed despite softer ionisation conditions employed).

(Calc.: C, 43.89; H, 6.58; N, 3.66. Found: C, 43.97; H, 6.58; N, 3.59).



Chapter 4

Understanding ZDDP-OFM Solution

Interactions

4.1 Introduction

Since ZDDPs are known to extend the range of contact conditions where boundary

lubrication occurs (high friction regime) in lubricant packages, of particular interest,

and importance, is their combination with effective friction modifiers.73 Currently there

are two main classes of friction modifiers in use in liquid lubricants: organic friction

modifiers (OFMs) and organomolybdenum compounds (Section 1.2.2.10). Generally it

is regarded that OFMs offer an intrinsic advantage over their molybdenum counterparts,

in that typically they are zero SAPS, thus making them particularly attractive in terms of

meeting compositional constraints enforced upon modern lubricant formulations (Sec-

tion 2.1).

Previously-published work investigating the interaction between ZDDP and OFMs (and

ZDDP-additive interactions in general) has been concerned primarily with rationalising

the tribological performance (friction, wear) and tribofilm properties (growth rate, com-

position, thickness, morphology) based on the chemical structure of the additives present,

normally referenced against a ZDDP studied in isolation.73,118,120,155 However, despite

many reporting the possibility of interaction or complex formation in solution between

ZDDPs and nitrogen-containing additives (OFM and dispersant additives), which would
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conceivably occur prior to a formulation being exposed to conditions associated with an

engine, studies investigating these bulk interactions are comparatively scarce.123,155,156

Should ZDDP and friction modifier additives form complexes in solution then it is

the properties of the complex, not the individual components, likely to dictate the tri-

bological performance. Hence an understanding of, and how to tune or modulate such

interactions is extremely desirable.

In Chapter 3 we investigated in detail the interaction in solution between ZDDP and

various pyridine-based ligands (pyridine ligands serving as model amines) where the

formation of both 1:1 and 1:2 mononuclear ZDDP-amine adducts were observed. Steric

and electronic properties of the interacting amine were shown to dictate both the extent

and type of interaction observed. Complex formation was also associated with a change

in DTP binding mode, a change that could be monitored using Raman spectroscopy.

In this Chapter, our work extends to evaluate whether commercial amine-based OFMs

interact with ZDDPs in a similar manner, assessing effects on solution behaviour and

structure. Initially, the interaction between iBu ZDDP and a monodentate primary alkyl

amine was examined in detail, before other factors such as steric effects and secondary

donor sites were subsequently investigated. The chapter concludes with a brief insight

into ZDDP interactions with some alternative FMs, specifically MoDTC and glycerol

mono-oleate (GMO).

4.2 Results and Discussion

4.2.1 Monitoring ZDDP-OFM Interactions

Initial experiments performed involved the reaction of iBu ZDDP with the commercial

OFM, Armeen18D (octadecylamine, OFM1) in hexane solution. The reaction was

monitored by 31P NMR spectroscopy in a similar manner to that described previously

(Section 3.2.1), examining relative changes in the lineshape and chemical shift of the
31P spectroscopic resonance from the DTP ligands. Prior to amine addition, iBu ZDDP

presents a broad singlet resonance by 31P NMR spectroscopy, which arises as a result

of the established ZDDP monomer-dimer equilibrium in solution (Section 1.2.2.8.1,
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Scheme 1.1). Upon sequential addition of octadecylamine, a single 31P[1H] NMR res-

onance is observed in all cases, which moves to higher frequency and sharpens to re-

veal coupling to the iBu CH2 units with increasing amine concentration (Fig. 4.1);

this mirrors the trend observed for the pyridine-based ligands reported in Chapter 3.

Such changes indicate all phosphorus-containing species present in solution are in rapid

equilibrium (on the NMR timescale) and the monomer-dimer equilibrium of iBu ZDDP

has been suppressed by ZDDP-amine complexation, favouring a monomeric species.

However, for the ZDDP-octadecylamine case, a much greater chemical shift change

(∆δ = 8.28 ppm after addition of 3 equivalents of amine) is observed (cf. ∆δ = 3.77

ppm after addition of 3 equivalents of pyridine), consistent with a stronger zinc-nitrogen

interaction and, as a result, a greater change in DTP binding mode. This has tentatively

been assigned as monodentate coordination based on the 31P NMR spectroscopic data

generalisations outlined by Harrison and Sebald (Section 3.2.5, Table 3.4).126
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Figure 4.1: Evolution of the 31P[1H] NMR (162 MHz, hexane) spectrum of iBu ZDDP
upon progressive addition of octadecylamine (OFM1). 0.006 M ZDDP (monomer),
CDCl3 insert spiked with PPh3 to provide lock. Chemical shifts were referenced against
PPh3 in CDCl3 (lit. -5.6 ppm130).

Particularly, at an amine:ZDDP ratio of 2 (Fig. 4.1), a sharp plateau in chemical shift

change is apparent, that coincides with the resolution of the pentet resonance. Together,

the 31P NMR spectroscopic data are consistent with the formation of a monomeric,

1:2 ZDDP-amine complex (Scheme 4.1). Identical experiments were performed with

a group III mineral oil solvent (Nexbase 3043) and gave almost identical results, thus

suggesting identical interactions occur in an engine oil formulation (Fig. 4.2). However,

the resonances observed in mineral oil are slightly broader, and a fully resolved pentet is

never observed. The broader spectral features can be attributed to viscosity-induced

resonance broadening, caused by the higher viscosity of the mineral oil solvent, in

comparison to hexane. The higher viscosity causes an increase in NMR spectral line-

width based on a decrease in T2 (spin-spin) relaxation time caused by slower molecular

tumbling.
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Figure 4.2: Evolution of the 31P[1H] NMR (162 MHz, mineral oil) spectrum of
iBu ZDDP upon progressive addition of octadecylamine (OFM1). 0.006 M ZDDP
(monomer), CDCl3 insert spiked with PPh3 to provide lock. Chemical shifts were
referenced against PPh3 in CDCl3 (lit. -5.6 ppm130).

Confirmation of monomer-dimer equilibrium suppression was achieved via dilution ex-

periments, on hexane solutions of iBu ZDDP-octadecylamine (ratio 1:2) and iBu ZDDP

for reference (Fig. 4.3). Over the concentration range studied, for the amine-containing

system only a very small change in chemical shift change was observed (∆δ = 0.19 ppm),

meaning the observed 31P NMR chemical shift is largely concentration-independent.

This supports the idea that the dynamic monomer-dimer equilibrium of iBu ZDDP is

suppressed by the presence of octadecylamine. In contrast, for iBu ZDDP alone, a

significant chemical shift change was observed (∆δ = 1.31 ppm), over the same con-

centration range studied. Subsequent fitting of the concentration-dependent 31P NMR

spectroscopic data to a dimerisation model (using the Bindfit web-tool132) yielded a

dimerisation constant (Kdim) of 24 ± 1 M-1; a value that is in good agreement with

previous data obtained for iBu ZDDP in non-polar media.157
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Figure 4.3: Plot of 31P NMR (162 MHz, hexane) chemical shifts as a function of ZDDP
concentration (monomer). CDCl3 insert spiked with PPh3 to provide lock. Chemical
shifts were referenced against PPh3 in CDCl3 (lit. -5.6 ppm130).

Attempts to quantify the strength of the ZDDP-octadecylamine interaction by fitting an

appropriate 1:2 binding model to the observed chemical shift changes proved unsuccess-

ful. Although visual inspection of the titration data clearly indicates a 1:2 binding event

(Fig. 4.1), fitting of the obtained data gave Kas with very large uncertainties (> 100%),

suggesting the fitting results are meaningless. The inability to achieve suitable fitting

is possibly a consequence of the strong ZDDP-amine interaction observed, meaning the

association constant lies well above the practical limit where 31P NMR titrations work

reliably.* To obtain an accurate binding constant, it is important to perform titrations

under equilibrium conditions, where both free host and guest are present throughout the

titration. Non-equilibrium, high affinity binding curves are often characterised by linear

titration curves with hard breaks at the ligand concentration present in the resulting com-

plex. Under such conditions only a very crude estimation of the lower limit for Ka can

be obtained.158,160 Although it should also be noted that, for the ZDDP-octadecylamine

system studied in this work, higher loadings of amine (> 3 equivalents) could not be

confidently achieved due to poor solubility in hexane, which also limited the analysis.

*The upper limit for 1H NMR titrations is often quoted as Ka < 105 M-1, though with modern NMR
instruments good quality 1H NMR spectra can be obtained with sub-millimolar concentrations, suggesting
Ka values up to and even above 106 M-1 may be possible.158 However, with the reduced sensitivity of 31P
NMR (6.63 × 10-2 in comparison to 1H NMR159), the upper limit for 31P NMR titrations is therefore
lower.
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For the same reason an analysis using Job’s method to confirm reaction stoichiometry

could not be carried out.

Additional 31P NMR spectroscopic titration studies however, have shown that the alkyl

chain length of a primary amine had little to no effect on the observed ZDDP-amine

interaction in solution. For example, the titration data for the closely related hexylamine

with iBu ZDDP in hexane (Fig. 4.4), can be seen to be almost identical to that observed

for octadecylamine (Fig. 4.1), with a slightly sharper plateau that possibly arises due to

improved solubility of the liquid hexylamine. Once again, the fitting of a 1:2 binding

model proved unsuccessful for similar reasons to those outlined above. However, in

this case, due to the improved solubility of the liquid hexylamine, greater loadings of

amine could be achieved. At sufficiently high loadings of amine (> 5 equivalents of

amine), deviations away from the linear plateau in chemical shift with increasing amine

concentration are evident, suggesting that some ionisation of DTP ligands may occur

given a sufficient concentration of amine being present (Figure 4.4, inset). Fitting of

the data obtained below 5 equivalents, to remove any ionisation effects, though again

unsuccessful, yields crude estimates of the association constants, K11 > 107 and K12 >

104.
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Figure 4.4: Evolution of the 31P[1H] NMR (162 MHz, hexane) spectrum of iBu ZDDP
upon progressive addition of hexylamine. Inset shows a graph of 31P chemical shift
against hexylamine equivalents over the full range studied. 0.006 M ZDDP (monomer),
CDCl3 insert spiked with PPh3 to provide lock. Chemical shifts were referenced against
PPh3 in CDCl3 (lit. -5.6 ppm130).

Given the improved solubility of hexylamine in hexane, a Job’s method analysis could

be performed for this amine (Fig. 4.5). The Job’s plot for iBu ZDDP and hexylamine

displays a maximum at ~0.33 mole fraction of iBu ZDDP, something that is consistent

with a 1:2 (ZDDP:amine) binding stoichiometry, and with the sharp plateau that is

observed in the 31P NMR spectroscopic titration data (Fig. 4.4).
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Figure 4.5: 31P NMR continuous variation Job Plot for iBu ZDDP and hexylamine in
hexane. Total concentration = 0.015 M. χZDDP is the mole fraction of ZDDP.

Further verification of the complexation reaction pathway proposed (Scheme 4.1) comes

from 31P DOSY NMR spectroscopic experiments (Table 4.1). These DOSY experiments

indicate an increase in molecular weight (decrease in diffusion coefficient) as octa-

decylamine is progressively added to iBu ZDDP, thus corroborating that the 31P NMR

spectroscopic changes observed arise due to a ZDDP-amine complexation reaction.

Table 4.1: Diffusion coefficients measured by 31P DOSY NMR spectroscopy as a
function of octadecylamine (OFM1) equivalents added to iBu ZDDP. 0.06 M ZDDP
(monomer) in hexane, acetone-d6 insert to provide lock.

Equivalents of Amine† Diffusion Coefficient (1010 m2s-1)

0 16 ± 2

1 7.83 ± 0.04

2 6.24 ± 0.04

†Greater loadings of amine could not be confidently achieved due to solubility reasons.

4.2.2 X-Ray Crystallographic Analysis of [Zn{κ1-S-S2P(OiBu)2}2

(C18-NH2)2] (7)

To unambiguously prove the nature of ZDDP-OFM complexation for amine-functional

OFMs, and in particular the effect on DTP binding mode, single crystal X-ray crystallo-
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graphic analysis of the resulting ZDDP-octadecylamine complex was undertaken. The

zinc-amine complex [Zn{κ1-S-S2P(OiBu)2}2(C18-NH2)2] (7) was prepared by addition

of 2 equivalents of octadecylamine (C18-NH2) to iBu ZDDP in hexane to yield a clear

oil that solidified slowly on standing. Subsequent recrystallisation (slow evaporation

of a chloroform/acetonitrile (1:1) solution) yielded single crystals suitable for X-ray

crystallographic analysis. Complex 7 proved to be a mononuclear bis(octadecylamine)

complex of iBu ZDDP and to the best of our knowledge is the first isolated example of

a ZDDP-OFM complex (Fig. 4.6).

N1
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S1

S3

S2

S4

N2
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O1
O2
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Figure 4.6: Molecular structure of [Zn{κ1-S-S2P(OiBu)2}2(C18-NH2)2] (7) with thermal
ellipsoids at the 50% probability level; alkyl H atoms are omitted for clarity. Inset shows
zoom of the zinc coordination sphere. Selected bond distances: Zn-N1, 2.0441(19) Å;
Zn-N2, 2.0348(19) Å; Zn-S1, 2.3192(7) Å; Zn-S3, 2.3764(7) Å; P1-S1, 2.0248(8) Å;
P1-S2, 1.9482(9) Å; P2-S3, 2.0062(8) Å; P2-S4, 1.9628(9) Å. Selected bond angles:
S1-P1-S2, 117.38(4)°; S3-P2-S4, 116.69(4)°.

The structure is very similar to that of complex 6, [Zn{κ1-S-S2P(OiBu)2}2(4-MeOPy)2],

reported in Chapter 3, with a four-coordinate tetrahedral zinc centre containing two
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bound octadecylamine ligands and two now monodentate, κ1-S-DTP ligands; a binding

mode that is in agreement with that predicted from our 31P NMR spectroscopic data

(vide supra).126 The preference for this coordination environment is rationalised based

on the high Lewis basicity of the octadecylamine ligands, which preferentially bind to

zinc and hence displace the κ2-S,S coordination of the DTP ligands. Furthermore, the

formation of weak hydrogen bonds between the uncoordinated sulfur atoms and the

amino hydrogen atoms likely promotes monodentate DTP coordination. Meanwhile,

the crystal packing diagram of complex 7, viewed along the a-axis (Fig. 4.7), shows

the efficient packing of the long alkyl chains in the solid-state. The C18 alkyl chains are

arranged in an interdigitated, bilayer fashion that maximises interchain interactions.

Figure 4.7: Crystal packing of complex 7 viewed along the a-axis.

Most importantly, the structure of complex 7 unequivocally identifies complexation to

occur via nitrogen coordination to zinc, not a zinc-phosphorus interaction as suggested

by some.161 In addition, the resulting change in DTP coordination mode following amine

addition likely increases the nucleophilicity/basicity of the DTP ligands and may impact

the thermal and/or tribological behaviour of ZDDPs (see Chapter 5).
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4.2.3 Raman Spectroscopic Analysis of [Zn{κ1-S-S2P(OiBu)2}2

(C18-NH2)2] (7)

In Chapter 3, the use of Raman spectroscopy as a diagnostic tool for the determination

of DTP binding mode for a series of ZDDP-pyridine complexes of known structure

was examined. In that work it was demonstrated that the presence (or absence) of a

Raman band near 660 cm-1(assigned to ν (P=S)/ν (PS2)asym) was an indicator of the DTP

binding mode in the studied complexes (Fig. 4.8). The intensity of the ~660 cm-1 band

increases as the DTP binding mode is progressively shifted from symmetrically bridging

or chelating through to monodentate. The Raman intensity for intermediate binding

modes lies somewhere in between the two extreme cases, increasing as the two P-S bond

lengths progressively assume P-S and P=S character. Here we expand this method to

encompass the ZDDP-OFM complex 7, to validate the method’s wider applicability to

ZDDP-amine complexes more generally, and specifically for ZDDP-OFM complexes

relevant to engine oil formulations.
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Figure 4.8: Relative intensity of the Raman band at ~660 cm-1 as a function of DTP
binding mode.

The Raman spectrum of complex 7 clearly presents a strong band centred around 670

cm-1 that is attributed to ν (P=S) (Fig. 4.9). This peak is indicative of a monodentate

binding mode and is thus consistent with the molecular structure obtained for 7 (Fig.

4.6). Moreover, this result is verification that Raman spectroscopy is a useful diagnostic

tool for assigning DTP binding modes for amine-functional OFM complexes of ZDDPs,

and could be applied to similar species where suitable crystal data cannot be attained.
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Figure 4.9: Solid-state Raman spectrum (500-900 cm-1) of [Zn{κ1-S-S2P(OiBu)2}2(C18-
NH2)2] (7).

4.2.4 Variable-Temperature 31P NMR Spectroscopic Analysis of

[Zn{κ1-S-S2P(OiBu)2}2(C18-NH2)2] (7)

Given the temperature cycling that occurs in an engine, it is of particular interest to

assess how the previously identified complex formation is affected by elevated temper-

atures. To achieve this, initial variable-temperature 31P NMR spectroscopy experiments

were performed on complex 7 in heptane solution, rather than hexane, so that higher

temperatures could be reached (Fig. 4.10).

From the data presented in Figure 4.10 it can be seen that an increase in temperature

causes a low frequency shift alongside significant broadening of the 31P spectroscopic

resonance of complex 7.† This trend is the inverse of that observed in previous titration

experiments and implies that higher temperatures disfavour ZDDP-amine complex form-

ation. The result of this decomplexation is broader spectral resonances; these arise from

loss of the monomer-dimer equilibrium suppression previously observed (confirmed by

dilution studies, see Fig. 4.3) and/or reasonably slow exchange between complexed,

partially complexed (i.e. 1 bound octadecylamine ligand) and ’free’ ZDDP. However,

upon return to ambient temperature the spectroscopic resonance returns to its original

†To get absolute values for the temperature effect on chemical shift, a correction should be applied for
the PPh3 reference in toluene-d8.
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form and chemical shift, thus suggesting that, over the temperature range studied at

least, that the decomplexation observed is reversible.
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Figure 4.10: Evolution of the 31P[1H] NMR (202 MHz, heptane) spectrum of complex 7
as a function of temperature. 0.006 M ZDDP (monomer), toluene-d8 insert spiked with
PPh3 to provide lock. Chemical shifts were referenced against PPh3 in toluene-d8 (lit.
-5.4 ppm162).

For this spectroscopic study (Fig. 4.10), the use of protio heptane necessitated the use

of a toluene-d8 capillary insert to provide a lock solvent. Difficulties obtaining sufficient

lock and adequate shimming with the capillary insert, especially at higher temperatures,

contributed to the poor NMR spectral quality, and made it difficult to determine to what

extent the resonance broadening observed was a consequence of the chemistry involved

or other external factors i.e. poor shimming.

As a consequence of these potentially detrimental factors, subsequent high-temperature
31P NMR spectroscopic studies of complex 7 were performed in toluene-d8 and acquired

with proton-decoupling to improve signal quality and aid the interpretation of results.

As a capillary insert containing a deuterated solvent was no longer needed when using

toluene-d8, this facilitated the use of an alternative reference material, e.g. H3PO4,

that was added to the NMR tube in a sealed capillary. This reference material was

chosen specifically as its chemical shift has been reported to be essentially unaffected

by temperature.163 However due to the intensity of the H3PO4 signal, some method to

modulate the signal intensity of the reference had to be employed, so as to not overwhelm
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the signal of interest. This was achieved by using a radio frequency pulse with a sinc

profile (Fig. 4.11), where truncation of the sinc wave positioned one of the smaller,

local maxima at or close to the reference signal, thus giving a reference signal with a

modulated intensity.
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Figure 4.11: Sine cardinal, or sinc, wave function.

This signal attenuation was particularly important given the resonance broadening that

occurs at high temperatures, which increases the likelihood that the signal of interest

could potentially be lost into the NMR spectral baseline. An example of the use of the

tailored excitation profile is given in Figure 4.12.

-100102030405060708090100110
(ppm)

Tailored Excitation Profile

Standard Excitation Profile

Figure 4.12: 31P{1H} NMR (202 MHz, toluene-d8, 32 °C) spectrum of complex 7 using
a tailored excitation profile, top, and a standard excitation profile, bottom. 0.006 M
ZDDP (monomer), chemical shifts were referenced internally against a H3PO4 capillary
insert (lit. 0.00 ppm).
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Figure 4.13: Evolution of the 31P{1H} NMR (202 MHz, toluene-d8) spectrum of
complex 7 as a function of temperature, using a tailored excitation profile to modulate
the H3PO4 reference intensity (see above). 0.006 M ZDDP (monomer), chemical shifts
were referenced internally against a H3PO4 capillary insert (lit. 0.00 ppm). Inset shows
the fit to an exponential decay. Decomplexation was again found to be fully reversible
over the temperature range studied (data not presented).

Again, from the data summarised in Figure 4.13, an increase in temperature is shown

to cause a low frequency shift alongside significant broadening of the 31P spectroscopic

resonance, consistent with the previous results obtained in heptane solution. The square-

like resonances at higher temperatures suggest the presence of multiple species, which

are likely to be complexed, partially complexed and amine-free ZDDP. The obtained

data were fitted to a single-exponential decay of the form:

y = y0+Aexp(−T /τ )

where T is temperature, y is chemical shift, and y0, A and τ are constants. The resulting

fit was very good (R2 = 0.9989) and extrapolation of the fit to 130 °C (engine sump

temperatures can be as high as 130 °C under heavy load164), yields a predicted chemical

shift of 101.6 ppm. This value, when compared to the known chemical shift of iBu

ZDDP (δP 97.3 and 97.4 at 25 °C and 88 °C, respectively), suggests that significant
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ZDDP-amine complex persists even at the extreme of sump temperatures. This observa-

tion highlights the persistence of ZDDP-OFM complexes at elevated temperatures, and

therefore emphasises the potential impact of solution interactions on the thermal and

tribological performance of lubricant formulations, a topic that is discussed in Chapter

5.

4.2.5 Steric Effects on ZDDP-OFM Complexation

In Chapter 3, a correlation between increasing steric demands (%Vbur) and ZDDP-amine

complex formation in solution (Ka) for several pyridine-based ligands was identified.

Subsequently, in this chapter, a detailed understanding of the behaviour of the ZDDP-

octadecylamine OFM system has been attained. With this knowledge and understanding

in hand, our attention then shifted to investigate how steric factors affected the complexa-

tion of ZDDPs with other commercial amine-based OFMs. To probe these steric factors,

we investigated both secondary and tertiary commercial alkyl amines, Armeen1M1618D

(a mixture of octadecylmethylamine and hexadecylmethylamine, OFM2) and Armeen

DM18D (octadecyldimethylamine, OFM3) (Fig. 4.14).

N
H

N
H

Hexadecylmethylamine Octadecylmethylamine

N

Octadecyldimethylamine (OFM3)

(OFM2)

Figure 4.14: Chemical structures of commercial OFMs studied.

In a similar manner to that outlined above, hexane solutions of iBu ZDDP were titrated

with aliquots of the aforementioned amine-functional OFMs. Incremental addition of

aliquots of OFM2 and OFM3, to iBu ZDDP under identical reaction conditions gave

similar trends (Fig. 4.15) to that observed on addition of the 1° amine, octadecylamine

(OFM1). As expected however, the change in chemical shift is modulated and decreases

as the steric demands of the OFM increases. Notable resonance sharpening occurs for

both OFM2 and OFM3 though a resolved pentet is never observed for OFM2, some-

thing likely arising from the fact that OFM2 contains a mixture of alkyl chain lengths.
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Figure 4.15: Evolution of the 31P[1H] NMR (162 MHz, hexane) spectrum of iBu
ZDDP upon progressive addition of OFMs (a) OFM2 and (b) OFM3. 0.006 M ZDDP
(monomer), CDCl3 insert spiked with PPh3 to provide lock. Chemical shifts were
referenced against PPh3 in CDCl3 (lit. -5.6 ppm130).
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Figure 4.16: Plot of 31P NMR (162 MHz, hexane) chemical shifts upon progressive
addition of OFMs 1-3. CDCl3 insert spiked with PPh3 to provide lock. 0.006 M ZDDP
(monomer), chemical shifts were referenced against PPh3 in CDCl3 (lit. -5.6 ppm130).

It is also apparent from the chemical shift increases observed with increasing amine

concentration (Fig. 4.16), that the binding stoichiometry for OFM2 and OFM3 with
iBu ZDDP cannot be deduced by simple inspection as was previously possible, and

subsequently confirmed, for OFM1. Analyses by Job’s methods for OFM2 and OFM3

binding were performed in an attempt to identify the binding stoichiometry in each case

(Fig. 4.17). For both systems the maximum observed is close to 0.45, something that

is indicative of a composite binding stoichiometry, i.e. both 1:1 and 1:2 ZDDP:amine
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complexes were present in solution, and hence a a maximum at a mole fraction of ZDDP

somewhere between 0.33 and 0.5 is observed.165 This is consistent with the observed

chemical shift changes by 31P NMR spectroscopy (Fig. 4.16), where smaller chemical

shift changes indicate weaker ZDDP-amine interaction for 2° and 3° OFMs (OFM2

and OFM3, respectively), and greater steric demands disfavours complete 1:2 complex

formation.
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Figure 4.17: 31P NMR continuous variation Job Plot for iBu ZDDP with OFM2, top,
and OFM3, bottom, in hexane. In both cases, total concentration = 0.015 M.

Variable-temperature 31P NMR studies on the most sterically demanding amine OFM3

with iBu ZDDP (Fig. 4.18), displays similar decomplexation behaviour to that observed

for OFM1 (Fig. 4.13). A low frequency shift is apparent and the decomplexation showed

reversibility over the temperature range studied (1 cycle), though in this case the ob-
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served change in chemical shift fit well to a straight line, rather than an exponential

decay. The absolute change in chemical shift observed (∆δ = 3.12 ppm) is almost twice

that observed for OFM1 (∆δ = 1.65 ppm), something that is consistent with a greater

degree of decomplexation at elevated temperature. However, the final chemical shift

value at 88 °C for the iBu ZDDP-OFM3 (δP 99.5 ppm) compared to that of iBu ZDDP

at the same temperature (δP 97.4 ppm) demonstrates that some ZDDP-amine complex

still persists at this temperature for the more substituted system.
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Figure 4.18: Plot of 31P{1H} NMR (202 MHz, toluene-d8) chemical shifts of iBu
ZDDP-OFM3 solution (ratio 1:2) as a function of temperature. 31P NMR spectra were
recorded using a tailored excitation profile to modulate the H3PO4 reference intensity
(see above). 0.006 M ZDDP (monomer), chemical shifts were referenced internally
against a H3PO4 capillary insert (lit. 0.00 ppm). Decomplexation was found to be fully
reversible over the temperature range studied (data not presented).

Extrapolation of the obtained fit to a temperature of 130 °C, as performed previously

for OFM1, yields a predicted chemical shift of 97.2 ppm. This value very closely

resembles the chemical shift of iBu ZDDP at 88 °C (δP 97.4 ppm), which also appears

to be unaffected by increasing temperature {cf. δP (iBu ZDDP) = 97.3 ppm at 25 °C}.

Together, the aforementioned experimental and predicted 31P NMR spectroscopic data

suggest that complete ZDDP-OFM decomplexation may occur for the ZDDP-OFM3

system, at temperatures approaching values similar to that experienced at the extreme
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of engine sump temperatures (130 °C164). This result directly contrasts that observed

for the ZDDP-OFM1 system (Section 4.2.4), where complexation is stronger and more

persistent at high temperature. This difference in solution behaviour for OFM1 and

OFM3 infers that tuning OFM steric demands is a useful design strategy in order to

modulate ZDDP-OFM interactions in engine lubricant formulations. That said, as yet,

the full impact of these differences in terms of lubricant performance are not known and

hence, will be addressed in Chapter 5.

4.2.6 ZDDP Interactions with Multi-Donor OFMs

Thus far, our investigations have focussed only on monodentate amine-containing sys-

tems. However commercial OFMs often contain at least one other donor site, commonly

nitrogen- or oxygen-based. In this regard, another factor of interest to us was the impact

of these secondary donor site(s) on the strength and nature of ZDDP-OFM interactions.

Consequently, in this section, our investigations focus on diamine-based and ethoxylated

OFMs, as well as some model amine compounds, where applicable, to aid understanding

and inform subsequent discussions regarding commercial OFMs.

4.2.6.1 ZDDP-Diamine Interactions

Shiomi et al. previously published work examining ZDDP-diamine interactions and

reported the impact of alkyl chain length. Short chain aliphatic diamines such as ethyl-

enediamine were proposed to form 1:1 chelate complexes, whereas longer chain, more

hindered diamines formed bridging 2:1 ZDDP-amine adducts, as a result of entropic

effects. However, it should be noted that, in their work no X-ray structural character-

isations were performed and the conclusions were made based on 1H NMR and ele-

mental analyses only.123 More recent work, focussing on dipyridyl-type ligands, has

demonstrated, via X-ray crystallographic studies, that the steric requirements of both the

dipyridyl ligand and the dithiophosphate-bound organic substituents of ZDDP control

the degree of aggregation in such systems and thus, monomeric, dimeric and polymeric

species can be formed.127–129

Additionally, Harrison and co-workers have investigated the effect of increasing amine
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denticity on ZDDP-amine complex formation in the solid-state, demonstrating that pro-

gressive displacement of DTP ligands occurs with increasing amine denticity. Taken to

the extreme, in the case of tetraethylenepentamine, the ability of a multidentate amine

to effectively sequester the zinc dication, leaving two anionic DTP ligands was demon-

strated.125

To build our chemical understanding and provide grounding before attempting to study

commercial diamine-based OFMs, our initial work focussed on a simpler diamine, namely

ethylenediamine (EDA). Titration experiments were performed for iBu ZDDP with EDA

in hexane and the change in 31P NMR chemical shift observed is plotted and compared

with that of the monodentate OFM1 (Fig. 4.19). For EDA a distinctly different trend

is observed; an initial sharper increase in chemical shift is observed between 0 and 1

equivalents of added amine, most likely a consequence of the bidentate nature of EDA,

and a sharp plateau at 1 equivalent, rather than 2 equivalents of amine, is also apparent.
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Figure 4.19: Plot of 31P NMR (162 MHz, hexane) chemical shifts upon progressive
addition of EDA and OFM1 to iBu ZDDP. CDCl3 insert spiked with PPh3 to provide
lock. 0.006 M ZDDP (monomer), chemical shifts were referenced against PPh3 in
CDCl3 (lit. -5.6 ppm130).

These observations are consistent with the formation of a 1:1 complex between ZDDP

and EDA (with two nitrogen atoms bound to zinc) and one would predict a ZDDP

complex not dissimilar to that identified previously with OFM1, complex 7 (Fig. 4.6),
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and the bis(4-MeOPy) complex 6 (Fig. 3.14), except that the two nitrogen centres would

now be connected by an alkyl linker. X-Ray crystallography confirmed this to indeed be

the case, with the complex [Zn{κ1-S-S2P(OiBu)2}2(κ2-EDA)] (8) being isolated from a

1:1 mixture of iBu ZDDP and EDA in ethanol (Fig. 4.20). In the solid-state the zinc

centre of 8 adopts a distorted tetrahedral configuration, and is bound by a chelating EDA

ligand and two DTP ligands. The DTP ligands are inequivalent, but are both bound in

a monodentate fashion. One DTP ligand is stabilised by an intramolecular hydrogen

bond between the uncoordinated sulfur atom and an amino hydrogen, something that

may explain its slightly wider S-P-S angle. The structure is comparable to the related

diisopropyl homologue previously reported by Drew et al.124
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Zn S1S4

P1
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P2
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Figure 4.20: Molecular structure of [Zn{κ1-S-S2P(OiBu)2}2(κ2-EDA)] (8) with thermal
ellipsoids at the 50% probability level; some H atoms are omitted for clarity. Selected
bond distances: Zn-N1, 2.0631(13) Å; Zn-N2, 2.0596(13) Å; Zn-S1, 2.3279(5) Å; Zn-
S3, 2.3013(5) Å; P1-S1, 2.0193(5) Å; P1-S2, 1.9488(6) Å; P2-S3, 2.0151(6) Å; P2-S4,
1.9494(6) Å. Selected bond angles: S1-P1-S2, 116.37(2)°; S3-P2-S4, 117.51(3)°.

Addition of 3 equivalents of EDA to iBu ZDDP in hexane instantly yielded a white pre-

cipitate. Subsequent 31P NMR spectroscopic analysis of the supernatant liquid showed

that no phosphorus-containing species were retained in solution, and so, consequently,

a data point cannot be obtained for this amine:ZDDP ratio. 31P NMR spectroscopic

analysis of the precipitate is indicative of ionic DTP ligands {δ 108.3 (CDCl3) or 111.2

(D2O)}. The plateau in the 31P NMR spectroscopic data between 1 and 2.5 equivalents
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of EDA (Fig. 4.19) also indicates that [Zn(EDA)2][S2P(OiBu)2]2 is not formed and 3

equivalents of EDA are required to sequester the zinc cation and ionise the DTP ligands.

The chemical shift in this region of around 105 ppm is also not characteristic of ionic

DTP. X-ray crystallographic analysis corroborated the solution NMR data and proved

the precipitate to be a salt of the form [Zn(EDA)3][S2P(OiBu)2]2 (9), containing anionic

DTP ligands (Fig. 4.21). A summary of the complexation behaviour between iBu ZDDP

and EDA is depicted in Scheme 4.2.
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Figure 4.21: Molecular structure of [Zn(EDA)3][S2P(OiBu)2]2 (9) with thermal
ellipsoids at the 50% probability level; H atoms omitted for clarity. Selected bond
distances: Zn-N, 2.1738(19)-2.2047(18) Å; P1-S1, 1.9625(9) Å; P1-S2, 1.9818(8) Å;
P2-S3, 1.9689(8) Å; P2-S4, 1.9670(8) Å. Selected bond angles: S1-P1-S2, 119.60(4)°;
S3-P2-S4, 117.38(4)°.

ZnS S
S S PP

RO OR
OR

OR

H2N NH2

P
OR

S

S

OR
Zn

S

S
P

RO

RO

3 EDAEDA Zn

NH2 H2
N

NH2
N
H2

H2N
H2N

2+

2 P
S

S

RO

RO

8 9

Scheme 4.2: Summary of the complexation behaviour observed between iBu ZDDP and
EDA (R = iBu).

The symmetrical nature of the ionic DTP ligands in 9 is reflected in the similar P-S

bond lengths that are almost equivalent, something that contrasts with the monodent-

ate DTP ligands of complex 8. Since the structures of 8 and 9 provided two model
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compounds, which displayed monodentate and ionic DTP configurations, respectively,

Raman spectra were recorded of both complexes to determine if Raman spectroscopy

could also distinguish between ionic and monodentate DTP ligands, a task that is of-

ten difficult to achieve using 31P NMR spectroscopy, as the chemical shift guidelines

for ionic and monodentate DTPs are not well-defined (Table 3.4). Previously in this

thesis, it was demonstrated that the presence (or absence) of a Raman band near 660

cm-1(assigned to ν (P=S)/ν (PS2)asym) was an indicator of DTP binding mode, and could

distinguish between symmetrically chelating/bridging, anisobidentate and monodentate

binding modes, with the intensity of the 660 cm-1 increasing as the difference in P-S

bond lengths increased (see Fig. 4.8). Therefore, extending this idea to encompass ionic

DTP ligands, which have almost equivalent P-S bonds, means that Raman spectroscopy

should be able to effectively distinguish between ionic and monodentate DTP species

(where the difference in P-S bond lengths are greatest).

The Raman spectra of 8 and 9 are presented in Figure 4.22 and clearly distinguish

between the two binding modes, with a strong Raman band being observed near 660 cm-1

for the monodentate DTP complex 8, and no Raman vibration present in the same region

for the ionic DTP complex 9. This result again highlights the potential use of Raman

spectroscopy for identifying DTP binding modes for species of unknown structure where

suitable crystallographic data cannot be attained. The method is complementary to

previously-established 31P NMR spectroscopic generalisations126 and the combination

of both techniques should aid unambiguous assignment.
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Figure 4.22: Solid-state Raman spectra (500-900 cm-1) of [Zn{κ1-S-S2P(OiBu)2}2(κ2-
EDA)] (8), top, and [Zn(EDA)3][S2P(OiBu)2]2 (9), bottom.

4.2.6.1.1 Effect of Alkyl Linker Chain Length on ZDDP Complexation

Based on the previous work by Shiomi et al., outlined briefly above (Section 4.2.6.1), a

key parameter in dictating the type of ZDDP-diamine interaction was reported to be the

alkyl linker chain length. In addition, the most commercially relevant alkyl linker chain

length, in terms of AkzoNobel’s portfolio of OFMs at least, is a C3 linker. As such, it

was of significant interest to study the effect of increasing the alkyl chain linker from C2

on ZDDP-diamine interactions.

Towards achieving this aim, our work then focussed on the simplest C3 diamine, 1,3-

diaminopropane (DAP) and titration studies with iBu ZDDP were again attempted.

However, no phosphorus-containing species remained in hexane solution after the ad-
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dition of just 2 equivalents of DAP to iBu ZDDP, meaning this analysis could not

be completed. 31P NMR spectroscopic analysis of the precipitate formed {δ 106.4

(CDCl3)} was not conclusive in determining the nature of the DTP species as mono-

dentate or ionic. In contrast, the Raman spectrum of the formed precipitate was con-

clusive in its assignment (Fig. 4.23), and in combination with 1H NMR spectroscopic

and elemental analysis data it is possible to conclude specifically that the precipitate is

[Zn(DAP)2][S2P(OiBu)2]2 (10) (Scheme 4.3).

500 550 600 650 700 750 800 850 900

In
te

ns
ity

 (a
rb

. u
ni

ts
)

Raman shift (cm-1)

Figure 4.23: Solid-state Raman spectrum (500-900 cm-1) of
[Zn(DAP)2][S2P(OiBu)2]2 (10).
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Scheme 4.3: Complexation pathway for iBu ZDDP with DAP (R = iBu).

This result shows that DAP is more efficient than EDA in removing the zinc from iBu

ZDDP, something likely to result from its improved flexibility and natural bite angle

making it better able to wrap around and sequester the zinc dication. Similar behaviour

with zinc has previously been identified by others, in which, EDA is reported to form

complexes of the form [Zn(EDA)3]X2, while DAP is reported to form [Zn(DAP)2]X2

{X = Cl-, Br-, 1
2SO4

2-}.166 The predicted molecular structure of 10 was subsequently

confirmed upon isolation of single crystals suitable for X-ray crystallographic analysis
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from hexane solution upon standing (Fig. 4.24). The solid-state structure of 10 consists

of two equivalent DTP anions and a zinc-based dication. The zinc-based cation adopts

a tetrahedral environment and is sequestered by two equivalent DAP ligands. The two

DTP anions are equivalent and display almost identical P-S bond lengths as would be

expected. The DTP sulfur atoms and an alkoxy oxygen atom form stabilising hydrogen

bonds with the amino hydrogens of the zinc cation.

N2N1

N2i

N1i

S1

S2

P

O1

O2

Zn

Figure 4.24: Molecular structure of [Zn(DAP)2][S2P(OiBu)2]2 (10) with thermal
ellipsoids at the 30% probability level; some H atoms are omitted and only one of two
equivalent DTP ligands are shown for clarity. Selected bond distances: Zn-N1, 2.033(8)
Å; Zn-N2, 2.044(7) P-S1, 1.951(4) Å; P-S2, 1.955(4) Å. Selected bond angles: S1-P-S2,
118.25(18)°.

This investigation was extended further to study the C4 diamine, 1,4-diaminobutane

(DAB), though yet again titration studies were unsuccessful due to precipitate forma-

tion, in this case after addition of 1 equivalent of DAB to iBu ZDDP. Once again, no

phosphorus-containing species remained in solution and 31P NMR {δ 103.9 (CDCl3)}

and Raman spectroscopic analysis of the precipitate (Fig. 4.25) would suggest an aniso-

bidentate/monodentate binding configuration of the DTP ligands.
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Figure 4.25: Solid-state Raman spectrum (500-900 cm-1) of [Zn{κ1-S-S2P(OiBu)2}2(µ-
DAB)]n (11).

However, such a DTP configuration would be possible for DAB bound in a chelating or

a bridging fashion (with increasing alkyl linker length, chelation becomes increasingly

disfavoured due to entropic effects and at some point one would expect a bridging rather

than chelating diamine configuration). However, these two binding configurations are

not easily distinguished by NMR spectroscopy or elemental analysis (Scheme 4.4).
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Scheme 4.4: Chelating and bridging configurations possible for ZDDP-DAB complex
11 (R = iBu).

To distinguish between these two different modes of coordination, crystals of 11 were

grown from hexane solution upon standing. Subsequent X-ray crystallographic analysis

unequivocally proved that the DAB ligands bind in a bridging, rather than a chelating

fashion. This is illustrated in the molecular structure of [Zn{κ1-S-S2P(OiBu)2}2(µ-

DAB)]n (11) depicted in Figure 4.26. Complex 11 has a polymeric structure with zinc

atoms present in a distorted tetrahedral environment, bound by two monodentate κ1-S-

DTP ligands and two bridging µ-DAB ligands, which connect zinc atoms in the poly-

meric chain. This structure resembles some of the polymeric ZDDP-bipyridyl struc-
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tures reported by Tiekink et al.,127–129 but to the best of our knowledge is the first

reported polymeric ZDDP-diamine molecular structure with an aliphatic diamine. More

importantly, it demonstrates the drastic impact on complex formation and structure a

small change in the nature of the complexing amine can have in ZDDP-amine systems,

something that likely translates to ZDDP-OFM formulations for amine-based OFMs.

N2A
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O1A

O2A
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S4

P2
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Figure 4.26: Molecular structure of [Zn{κ1-S-S2P(OiBu)2}2(µ-DAB)]n (11) with
thermal ellipsoids at the 50% probability level. Inset shows the asymmetric unit.
Selected bond distances: Zn-N1, 2.021(4) Å; Zn-N2A, 1.901(9); Zn-S2, 2.3259(15) Å;
Zn-S3A, 2.392(4) Å; P1A-S1A, 1.940(5) Å; P1A-S2, 2.029(6) Å; P2-S3A, 2.004(4)
Å; P2-S4, 1.951(2) Å. Selected bond angles: S1A-P1A-S2, 117.0(3)°; S3A-P2-S4,
116.46(15)°.

4.2.6.1.2 Interaction of a Diamine-Based OFM with ZDDP

Having already studied 1,3-diaminopropane (DAP), our focus then moved towards the

commercially available, N-tallow-1,3-diaminopropane (Duomeen T, OFM4) (Fig. 4.27).
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Figure 4.27: Chemical structure of OFM4, where R is tallow (mixture of saturated and
unsaturated alkyl chains from C12-C18, predominantly C18).

Titration experiments were performed for iBu ZDDP with OFM4 in hexane, the res-

ulting change in 31P chemical shift is plotted in Figure 4.28 and compared with that

obtained using the monodentate OFM1. For OFM4 two clear regimes can be observed;

between 0-1 equivalents of amine an initial sharp increase in chemical shift occurs, then

beyond this point the chemical shift continues to increase, but with a lower gradient up

to the addition of 3 equivalents of amine.
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Figure 4.28: Plot of 31P NMR (162 MHz, hexane) chemical shifts upon progressive
addition of OFM4 and OFM1 to iBu ZDDP. CDCl3 insert spiked with PPh3 to provide
lock. 0.006 M ZDDP (monomer), chemical shifts were referenced against PPh3 in
CDCl3 (lit. -5.6 ppm130).

The trend observed is rationalised by initial chelation of one diamine ligand, which

would yield a four-coordinate complex of the form [Zn{κ1-S-S2P(OiBu)2}2(κ2-OFM4)],

analogous to those characterised previously in this work and by others.124,125 Subsequen-

tly, upon further additions beyond 1 equivalent of amine, ionisation of the DTP ligands

begins to occur and the degree of ionised DTP progressively increases as the concentra-

tion of amine increases, causing further increases in chemical shift (Scheme 4.5).
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Scheme 4.5: Proposed reaction pathway for iBu ZDDP with OFM4 (R = iBu, R’ =
tallow).

Support for this rationalisation comes from studies of the model compound, N-methyl-

1,3-diaminopropane (MDAP), which compared to DAP, more effectively mimics the

steric requirements and the unsymmetrical nature of OFM4, but without the greasy alkyl

chain that hinder crystallisations. In addition, MDAP is not a mix of alkyl chain lengths

and is of higher purity than the commercial OFM making subsequent analysis much

easier. Upon reacting MDAP with iBu ZDDP it was found that when combined in a 1:1

ratio, crystals suitable for X-ray crystallography could be isolated from a hexane/pentane

solution on cooling and were subsequently identified as the MDAP chelate complex of

the form [Zn{κ1-S-S2P(OiBu)2}2(κ2-MDAP)] (12) (Fig. 4.29, Scheme 4.6).
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Figure 4.29: Molecular structure of [Zn{κ1-S-S2P(OiBu)2}2(κ2-MDAP)] (12) (one of
two independent molecules) with thermal ellipsoids at the 30% probability level. The
structure displays molecular connectivity but reliable bond lengths and bond angles can
not be quoted (R-factor = 11.57%).
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Scheme 4.6: Reaction pathways observed for MDAP with iBu ZDDP when combined
in 1:1 and 1:2 ZDDP:amine ratios (R = iBu, R’ = Me).

At a greater MDAP:ZDDP ratio however, specifically 2:1, a white solid was obtained

and although crystals suitable for X-ray crystallography could not be isolated, Raman

spectroscopic analysis of this solid clearly identified the DTP ligands in this complex to

be ionic, based on the absence of a Raman band near 660 cm-1 (Fig. 4.30). Full charac-

terisation of the complex identifies it as [Zn(MDAP)2][S2P(OiBu)2]2 (13) (Scheme 4.6),

with an expected molecular structure similar to that of [Zn(DAP)2][S2P(OiBu)2]2 (10)

shown previously in Figure 4.24. The isolation of both the 1:1 chelate complex 12 and

the salt 13, isolated at different MDAP:ZDDP molar ratios clearly supports the two step

chelation/ionisation pathway proposed for OFM4 with increasing concentration. The

ability of a commercial diamine-based OFM to ionise DTP ligands and produce anionic

DTP ligands in solution, something not observed for monodentate amine-based OFMs at

commercially relevant loadings, is something likely to significantly affect ZDDP thermal

degradation and in turn the tribological behaviour of ZDDP-OFM systems; this topic will

be discussed in more detail in the Chapter 5.
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Figure 4.30: Solid-state Raman spectrum (500-900 cm-1) of
[Zn(MDAP)2][S2P(OiBu)2]2 (13).

4.2.6.2 Interaction of an Ethoxylated OFM with ZDDP

Another structural motif that provides a secondary donor site, present in some commer-

cial amine-based OFMs, is the ethoxylate chain. Ethoxylated amines such as Ethomeen

HT/12 (hydrogenated tallow amine ethoxylate, OFM5) are produced by alkoxylation

of a primary amine with ethylene oxide. These amine ethoxylates contain two oxygen-

based secondary donor sites in addition to the nitrogen-based centre, as shown in Figure

4.31.

OH
N

R

Hydrogenated Tallow Amine Ethoxylate

2

Figure 4.31: Chemical structure of OFM5, where R is hydrogenated tallow (mixture of
alkyl chains from C12-C18, predominantly C18).

To begin to determine if the aforementioned oxygen donor sites also participate in or

effect ZDDP-OFM interactions, 31P NMR spectroscopic titration studies were performed

on iBu ZDDP with the ethoxylated amine OFM5 (Fig. 4.32). Upon sequential addition

of OFM5, a single 31P[1H] NMR resonance is observed in all cases alongside a not-

able high frequency chemical shift, something that mirrors the trend observed with all

previously studied amines. However in this case, although initially a notable resonance

sharpening is observed up to the addition of 1 equivalent of amine, addition of more than
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1 equivalent of amine results in progressive resonance broadening, something in stark

contrast to that previously observed with all other amines and OFMs.
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Figure 4.32: Evolution of the 31P[1H] NMR (162 MHz, hexane) spectrum of iBu ZDDP
upon progressive addition of OFM5. 0.006 M ZDDP (monomer), CDCl3 insert spiked
with PPh3 to provide lock. Chemical shifts were referenced against PPh3 in CDCl3 (lit.
-5.6 ppm130).

Furthermore, the chemical shift changes observed for iBu ZDDP upon progressive ad-

dition of OFM5, is significantly greater than that observed upon sequential addition

of an alkyl-substituted tertiary amine with no propensity to chelate, such as octadecyl-

dimethylamine (OFM3) described previously (Fig. 4.33).
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Figure 4.33: Plot of 31P NMR (162 MHz, hexane) chemical shifts upon progressive
addition of OFM5 and OFM3 to iBu ZDDP. CDCl3 insert spiked with PPh3 to provide
lock. 0.006 M ZDDP (monomer), chemical shifts were referenced against PPh3 in
CDCl3 (lit. -5.6 ppm130).

This disparity in chemical shift change observed between the iBu ZDDP-OFM5 and iBu

ZDDP-OFM3 systems (Fig. 4.33) strongly suggests some coordination of the secondary

hydroxyl donors of OFM5 to the zinc centre of iBu ZDDP, resulting in a greater change

in DTP binding mode and hence a larger change in chemical shift. Given the structure

of OFM5 it would be expected to bind to ZDDPs in a tridentate fashion, analogous to

that observed in the diethanolamine (DEA) complex of zinc acetate, [Zn(OAc)2(DEA)]

(Fig. 4.34).167

Zn N
HO

HO

AcO

AcO

Figure 4.34: Chemical structure of [Zn(OAc)2(DEA)].

Further evidence to support hydroxyl group coordination to zinc was sought via 1H NMR

spectroscopic titrations, where the 1H NMR chemical shifts of OFM5 were recorded in

the presence of increasing concentrations of iBu ZDDP. Particular attention was given

to the CH2 units of the ethoxylate chains and those adjacent to the amine nitrogen (see

Fig. 4.35).
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Figure 4.35: 1H NMR (400 MHz, CDCl3) spectrum and assignments for OFM5.

The change in chemical shift observed (∆δ ) with increasing iBu ZDDP concentration

for the hydrogen environments Ha-Hd of OFM5 are shown in Figure 4.36. The data

presented shows that the proton environments Hband Hc experience the greatest ∆δ

upon sequential addition of iBu ZDDP. This is unsurprising given their proximity to

the nitrogen atom of OFM5, being the most Lewis basic donor present, hence these

protons would be expected to experience the greatest deshielding effect. For the proton

environments Ha and Hd, both of which are two carbons removed from the nitrogen

centre, there is a large disparity in the ∆δ observed, with environment Ha experiencing a

significantly larger change in chemical shift. The larger ∆δ observed for Ha is evidence

to support hydroxyl group coordination to the zinc, which means the Ha protons exper-

ience a much greater deshielding effect compared to Hd. It is also noteworthy that high

frequency shifts of the OH signal were also observed during the titration, though the

signals were naturally broad and broadened further during the course of the titration.‡

‡In some cases the peaks of interest were found to partially overlap with signals from iBu ZDDP, this
meant locating the centre of a given peak was sometimes difficult. Future experiments would utilise “pure
shift” techniques to remove spin-spin coupling and render all 1H NMR peaks as singlets (in the absence
of heteronuclear couplings) and/or higher fields to help to decongest busy regions and make peak picking
much easier.
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Figure 4.36: Plot of 1H ∆δ (400 MHz, CDCl3) for the proton environments Ha-Hd of
OFM5 (see Fig. 4.35) upon progressive addition of iBu ZDDP.

Additional binding studies using the model compound N-methyldiethanolamine

(MDEA), provided further verification of the proposed tridentate coordination mode of

OFM5. Upon reacting MDEA with iBu ZDDP it was found that crystals suitable for X-

ray crystallography could be isolated from a 1:2 ZDDP-amine solution. Somewhat unex-

pectedly, the isolated complex proved to be a tetrametallic zinc cluster,

Zn4(MDEA)2{S2P(OiBu)2}4 (14) (Figs. 4.37 and 4.38).

The structure of 14 consists of four zinc atoms alternated with four oxygen atoms to form

an exterior, eight-membered cycle, but with two zinc-oxygen bonds present between the

central species to form three adjacent four-membered rings. The zinc atoms alternate

in either a distorted trigonal bipyramidal or distorted tetrahedral environment, while

the DTP ligands are present in monodentate κ1-S-DTP or bridging µ-S,S-DTP config-

urations, with the difference in binding mode reflected in Zn-S and the associated P-S

bond lengths. Adopting the notation used by Conterosito et al. for triethanolamine in

its complexation reactions with zinc acetate,168 for use with MDEA; neutral MDEA is

denoted MDEAH2, singly deprotonated MDEA is MDEAH-, and doubly deprotonated

MDEA is MDEA2-.
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Figure 4.37: Molecular structure of Zn4(MDEA)2(S2P(OiBu)2)4 (14) with thermal
ellipsoids at the 50% probability level; H atoms and the carbon atoms of the DTP
ligands are omitted for clarity. Selected bond distances: Zn2-N1, 2.177(4) Å; Zn1-S1,
2.2995(16) Å; Zn1-S3, 2.3493(15) Å; Zn2-S4, 2.308(2) Å; P1-S1, 2.021(2) Å; P1-S2,
1.930(2) Å; P2-S3, 1.983(3) Å; P2-S4, 1.987(2) Å. Selected bond angles: S1-P1-S2,
115.47(11)°; S3-P2-S4, 117.80(10)°.
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Figure 4.38: Chemical structure of Zn4(MDEA)2(S2P(OiBu)2)4 (14) (R = iBu).

Based on charge balance considerations, the structure is made up of four Zn2+ ions, bal-

anced by four DTP- ligands and by two doubly deprotonated MDEA2- species. MDEA2-

ligands are shown to bind zinc through the nitrogen atom, as expected, while one de-

protonated hydroxyl, bridges two zinc atoms (µ-O), the other bridges three zinc atoms

(µ3-O).

Although more complex than anticipated, the structure of 14 unequivocally proves the

chelation and involvement of the pendant ethanol branches in binding to zinc of ZDDP,

thus explaining the stronger interaction observed for OFM5 by 31P NMR spectroscopy

compared to a tertiary, alkyl-substituted equivalent. The solution 31P NMR spectrum

of the isolated complex 14 however, was observed to consist of multiple broad reson-



4.2 Results and Discussion 120

ances, likely reflecting the flexible nature of the cluster and/or reasonably slow exchange

between phosphorus environments (relative to the NMR timescale). In contrast, solid-

state 31P NMR spectroscopy of 14 displays two singlet resonances, at 104.0 and 102.3

ppm (ratio 1:1), assigned to monodentate and bridging DTP configurations, respectively

(Fig. 4.39); a result that is consistent with the two DTP environments observed in the

molecular structure of 14 (Fig. 4.37).
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Figure 4.39: 31P CP-MAS NMR (162 MHz) spectrum of Zn4(MDEA)2{S2P(OiBu)2}4
(14) measured at a spin-rate of 10 kHz. Asterisks indicate spinning sidebands.

The isolated complex 14 however, does not account for the full stoichiometry of the

initial reagents present (1:2 ZDDP:amine ratio). Each iBu ZDDP molecule provides

one zinc atom and two DTP ligands, therefore for a tetrametallic Zn4 cluster, one would

expect eight DTP ligands and, for a 1:2 ZDDP:MDEA ratio, eight MDEA ligands. Com-

plex 14 contains only four DTP and two MDEA ligands, meaning four DTP ligands and

six MDEA ligands are unaccounted for. Given the DTP ligands have been completely

displaced from zinc they are expected to be in their ionic form, likely present with a

MDEA-based ammonium counter cation, with the proposed reaction pathway presented

in Scheme 4.7.
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Scheme 4.7: Proposed reaction pathway for MDEA with iBu ZDDP (R = iBu, R’ = Me).

Initial attempts to verify the presence of ionic DTP were sought via the addition of an

authentic sample of ionic DTP, potassium diisobutyl dithiophosphate (KDTP) {δP 110.4

(CDCl3)}, to a solution of iBu ZDDP and OFM5 (ratio 1:2) (Scheme 4.8, Fig. 4.40).
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Scheme 4.8: Reaction scheme for the addition of excess KDTP to a solution of iBu
ZDDP and OFM5 (ratio 1:2) (R = iBu, R’ = tallow).
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Figure 4.40: Evolution of the 31P[1H] NMR (162 MHz, CDCl3) spectrum of iBu ZDDP
upon addition of excess KDTP.

The presented data (Fig. 4.40) showed that upon addition of excess KDTP, the initial,

broad signal (δP 104.7) sharpened and shifted to higher frequency (δP 108.4), towards the

value known for the authentic KDTP sample. Given the observation of only a single 31P



4.2 Results and Discussion 122

spectroscopic resonance and the high frequency shift towards that of KDTP, the results

suggested that ionic DTP is in equilibrium with the other DTP-containing species and

supports both the presence of ionic DTP in solution and the proposed reaction pathway

(Scheme 4.7).

Subsequently, further evidence supporting the presence of ionic DTP in solution was

achieved by low temperature variable-temperature 31P NMR studies on a solution of
iBu ZDDP and OFM5 (ratio 1:2), the results of which are shown in Figure 4.41. At

room temperature, a single, broad spectroscopic resonance is observed and upon lower-

ing the temperature, the resonance broadens further and ultimately splits to reveal the

presence of two signals, best observed at -20 °C. The higher frequency resonance is

assigned to ionic DTP based (δP 109.1) while the second (δP 104.7) is rationalised as a

cluster complex not dissimilar to complex 14, by drawing comparison to the related iBu

ZDDP-MDEA system previously studied (Figs. 4.37 and 4.38 and Scheme 4.7) . Sub-

sequent lowering of the temperature below -20 °C further slows the exchange between

the phosphorus environments and results in significant sharpening of the ionic DTP

signal, something that ultimately means the spectroscopic resonance for the assigned

zinc-containing cluster species is lost into the NMR baseline at -40 °C, and so only

one spectroscopic resonance is observed. These data confirm the presence of anionic

DTP in solution and demonstrates the ability of an ethoxylated amine-based OFM to

complex with, and ionise the DTP ligands of a ZDDP, similar to what was observed for

the diamine-based OFM (OFM4), something that may ultimately effect thermal and/or

tribological performance in a lubricant formulation.
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Figure 4.41: Evolution of the 31P{1H} NMR (202 MHz, CDCl3) spectrum of a solution
of iBu ZDDP and OFM5 (ratio 1:2) as a function of temperature. 0.006 M ZDDP
(monomer).

4.2.7 Investigating the Solution Interactions in Tertiary ZDDP-OFM-

MoDTC Systems

To this point, the focus of this work has exclusively been concerned with binary ZDDP-

amine or ZDDP-OFM systems. Though in a commercial lubricant formulation, ZDDPs



4.2 Results and Discussion 124

and OFMs are used in combination with a myriad of other additives (see Section 1.2.2).

A key type of additive, often used and reported to synergise well with ZDDPs, are

MoDTCs, previously introduced in Section 1.2.2.10.1. Given reports that ZDDPs syn-

ergise with MoDTCs, and that some ligand exchange reactions have been identified

between the two species (see Scheme 1.5), it was of interest to us to determine if the

presence of MoDTC had any effect on the complexation reactions observed between

ZDDPs and amine-based OFMs.

However, to study this area reliably a pure, single-component form of MoDTC was

required. Commercial sources often contain a mixture of MoDTCs and are of low purity,

thus making the use of a commercial MoDTC sample unfeasible. Synthesis of a pure,

single-component MoDTC was achieved via synthesis of the Mo2O2S2 core in the form

of the L-cysteine (cys) complex, Na2[Mo2O2S2(cys)2],169 which was then subject to a

ligand exchange reaction with the sodium salt of the desired dithiocarbamate (DTC)

ligand (Scheme 4.9). This route is much more convenient that the more traditional

approach based on substitution of MoCl5, which itself is moisture sensitive, and requires

subsequent treatment of the reaction product with H2S gas to transform the di-µ-oxo

complex into the di-µ-thio analogue.170

MoCl5 Method

Ligand Exchange Method

Na2MoO4 Na2[Mo2O2S2(cys)2]
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Scheme 4.9: Synthetic routes for the preparation of MoDTC complexes.

Initial synthesis of the isopropyl derivative, [Mo2O2S2(iPr2DTC)2] (iPr MoDTC) was

performed. However, the solubility of iPr MoDTC in non-polar media was poor, and

therefore synthesis of the 2-ethylhexyl derivative, [Mo2O2S2(2-EH2DTC)2] (2-EH

MoDTC), was subsequently performed and used for further studies. Single crystals

of 2-EH MoDTC were grown by layering a concentrated DCM solution with MeOH.

The molecular structure of 2-EH MoDTC is depicted in Figure 4.42.
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Figure 4.42: Molecular structure of 2-EH MoDTC with thermal ellipsoids at the 50%
probability level; H atoms and solvate DCM molecule are omitted for clarity. Selected
bond distances: Mo1-Mo2, 2.8199(5) Å; Mo1-O1, 1.666(3) Å; Mo2-O2, 1.679(3) Å;
C1-S3, 1.720(4) Å; C1-S4, 1.732(4); C2-S5, 1.731(4) Å; C2-S6, 1.723(4) Å; N1-C1,
1.309(5) Å; N2-C2, 1.306(5) Å. Selected bond angles: S3-Mo1-S4, 70.87(4)°; S5-Mo2-
S6, 70.96(4)°; S3-C1-S4, 111.5(2)°; S5-C2-S6, 111.3(2)°.

As a brief insight into whether the presence of MoDTC modulates, changes or interferes

with the previously observed ZDDP-amine interactions, 31P NMR spectroscopic titration

studies were performed by progressive addition of the previously studied hexylamine

(Fig. 4.4) to a 1:1 mixture of iBu ZDDP and 2-EH MoDTC (Fig. 4.43). Comparison

of the data presented in Figures 4.4 and 4.43 demonstrated that the high frequency shift

and resonance sharpening trends observed for the MoDTC-containing system mirrored

those observed in the absence of MoDTC. This result implies that MoDTC does not

interfere with the previously observed complex formation between ZDDP and amines,

at room temperature at least. That said, ligand exchange is more pronounced at higher

temperatures and therefore may have a greater impact at such temperatures.87
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Figure 4.43: Evolution of the 31P[1H] NMR (162 MHz, hexane) spectrum of iBu ZDDP
upon initial addition of 1 equivalent of 2-EH MoDTC and then progressive addition of
hexylamine. 0.006 M ZDDP (monomer), CDCl3 insert spiked with PPh3 to provide lock.
Chemical shifts were referenced against PPh3 in CDCl3 (lit. -5.6 ppm130).
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Figure 4.44: 31P[1H] NMR (162 MHz, hexane) spectra upon addition of 3 equivalents
of hexylamine to iBu ZDDP (red) and a 1:1 solution of iBu ZDDP and 2-EH MoDTC
(blue). 0.006 M ZDDP (monomer), CDCl3 insert spiked with PPh3 to provide lock.
Chemical shifts were referenced against PPh3 in CDCl3 (lit. -5.6 ppm130).

Closer inspection and comparison of the 31P NMR spectra obtained from addition of
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3 equivalents of hexylamine to iBu ZDDP and a 1:1 mixture of iBu ZDDP and 2-EH

MoDTC (Fig. 4.44) reveals that while the chemical shifts obtained are almost identical, a

slightly broader spectroscopic resonance is apparent for the MoDTC-containing system,

something that likely arises due to the paramagnetic nature of the MoV species.

4.2.8 Investigating ZDDP-OFM Interactions for Amine-Free OFMs

The final aspect of ZDDP-OFM interactions addressed in this chapter is whether the

previously observed ZDDP-OFM interaction and complex formation pathways identified

are limited and unique to amine-based OFMs, or are in fact, a more universal feature

of ZDDP-OFM formulations. Glycerol mono-oleate (GMO), the reaction product of

glycerin and oleic acid, is one the most common OFMs used in lubricant formulations

(Fig. 4.45).171 GMO also contains two potential hydroxyl-based donor sites that may

bind to the zinc of ZDDP and so made a suitable candidate to begin to assess if other

OFM-types interact with ZDDPs in a similar manner to that observed for amine-based

OFMs.

O

O

OH

OH

Glycerol Mono-oleate (GMO)

Figure 4.45: Chemical structure of GMO.

Similar 31P NMR spectroscopic titration experiments, as described previously, were

performed with incremental addition of GMO to an iBu ZDDP solution in hexane. The

presented data (Fig. 4.46) showed that there is negligible change in the form or chemical

shift of the iBu ZDDP spectroscopic resonance, even up to the addition of 10 equivalents

of GMO, a loading that far exceeds commercially relevant ones. This result demonstrates

that GMO does not interact with iBu ZDDP in solution and no change in DTP binding

mode occurs, presumably as the hydroxyl donors of GMO are not strong enough Lewis

bases to even partially displace the κ2-S-S-DTP coordination. The solution 31P NMR
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spectroscopic data are supported in the solid-state by X-ray crystallographic studies,

where crystals of unreacted iBu ZDDP (dimeric form, Fig. 3.11) formed upon standing

and slow evaporation of the final ZDDP-GMO titration solution (ratio 1:10).
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Figure 4.46: Evolution of the 31P[1H] NMR (162 MHz, hexane) spectrum of iBu ZDDP
upon progressive addition of GMO. 0.006 M ZDDP (monomer), CDCl3 insert spiked
with PPh3 to provide lock. Chemical shifts were referenced against PPh3 in CDCl3 (lit.
-5.6 ppm130).

4.3 Conclusions

Following on from Chapter 3, through a combination 31P NMR spectroscopic titration,

X-ray crystallographic and Raman spectroscopic studies it has been demonstrated that

amine-based OFMs interact with ZDDPs in a similar manner to that proven for ZDDP-

Py’ systems. X-Ray crystallography of complex 7 unequivocally identified the nature of

ZDDP-OFM interaction for amine-based OFMs as a nitrogen-zinc complexation path-

way, something that coincides with a change in DTP binding mode, and is to the best of

our knowledge the first ZDDP-OFM complex isolated. Based on this, given the known

structure of complex 7, the use of Raman spectroscopy was subsequently extended

and verified as a diagnostic tool for identifying DTP binding mode in ZDDP-OFM

complexes.
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The use of 31P NMR spectroscopic titration studies then demonstrated that the propensity

for ZDDP-OFM complex formation is strongly dependent on the steric demands of the

complexing amine, with the strength of complex formation following the trend of amine

substitution, 1° > 2° > 3°. Variable-temperature NMR spectroscopic studies showed that

at higher temperatures, some decomplexation (reversible) occurs, though for 1° amine

OFMs in particular, significant ZDDP-amine complex likely persists even at the extreme

of engine sump temperature (130 °C).

Attention then moved on to investigate amines containing additional donor sites in the

form of diamines and ethoxylated amines. For EDA it was demonstrated that depending

on the molar ratio of amine present, either a ZDDP-EDA chelate complex, [Zn{κ1-

S-S2P(OiBu)2}2(κ2-EDA)] (8), or a salt complex [Zn(EDA)3][S2P(OiBu)2]2 (9) was

formed. These two structures were then used to demonstrate how Raman spectroscopy

could distinguish between monodentate and ionic DTP configurations, something that is

often difficult using 31P NMR spectroscopy alone.

The importance of alkyl linker chain length for diamines was revealed and it was found

that upon moving from EDA (C2 linker) to a C4 linker as in DAB, the polymeric complex

11 is formed where the diamine ligands are bound in a bridging, rather a chelating

fashion. For the intermediate C3 linker, the diamine PDA was found to be more efficient

in sequestering the zinc atom of ZDDP than EDA, requiring only 2 equivalents of PDA

to form the salt complex [Zn(PDA)2][S2P(OiBu)2]2 (10).

In terms of commercial OFMs, the ability of both ethoxylated and diamine-based OFMs

to complex and ionise the DTP ligands of ZDDP, via subtly different pathways, was

demonstrated using understanding gained while studying model amine systems. The

diamine-based OFM4 sequesters the zinc atom of ZDDP by chelation of 2 equivalents

of OFM4 and therefore produces a salt complex containing a zinc-based dication and

two ionic DTP ligands. In contrast, the ethoxylated amine OFM5 is thought to form a

tetranuclear zinc cluster species, similar to complex 14, which results in the formation

of anionic DTP ligands that have an associated OFM5-based ammonium counter cation.
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Finally, this chapter concluded with a brief insight into ZDDP interactions with al-

ternative FMs, where it was apparent that MoDTC did not interfere with or effect the

previously observed ZDDP-amine interactions (at room temperature), while GMO, one

of the most commonly employed OFMs, did not interact with iBu ZDDP even up to the

addition of 10 equivalents of GMO as proven by 31P NMR spectroscopy.

Additive-additive interactions in bulk solution has been an area that has been largely

neglected and scarcely studied, however this chapter highlights how such components

of lubricant additive packages, specifically amine-based OFMs and ZDDPs, interact

in bulk solution principally by a zinc-nitrogen interaction. As might be expected, the

interaction observed is shown to be heavily dependent on the nature of the complexing

amine and has the potential to cause significant, unexpected performance alterations.

Though as yet, the full impact of the observed interactions are not known and hence,

this will be the focus of the forthcoming chapter, where the thermal and tribological

behaviour of selected ZDDP-amine systems will be assessed. Attempts to rationalise

the trends observed will be made, based on the understanding gained regarding solution

interactions in this, and previous chapters.

4.4 Experimental

4.4.1 General Considerations

Solvent purification and compound characterisation was performed as detailed in Chapter

3. All commercial OFMs and Nexbase 3043 mineral oil (Neste) were kindly sup-

plied by AkzoNobel, while all other chemicals were purchased and used as received

from commercial suppliers, unless otherwise stated. Na2[Mo2O2S2(cys)2]·4H2O169 and

NaS2CN(2-EH)2
172 were prepared according to literature methods.

IR Spectroscopy: Infra-red (IR) spectra were recorded on a Perkin Elmer FTIR TwoTM

spectrometer fitted with an ATR probe.

31P DOSY NMR Spectroscopy: A 700 MHz Varian spectrometer with an Agilent

OneNMR probe able to deliver a maximum pulsed field gradient of 62 G cm-1 was used
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to acquire 31P Diffusion-Ordered SpectroscopY (DOSY) experiments using a convection

compensated DBPPSTE pulse sequence. 20 pulse amplitudes ranging from 3.78 to 45.75

G cm-1 in equal steps of gradient squared, 148 transients, 1 dummy scan and 131852

complex data points covering 29 kHz were used. The diffusion-encoding pulsed gradient

duration was 0.5 ms. The diffusion time was 0.5 s. The gradient stabilisation delay was

190 ms. The repetition time was 3.2 s, of which, 2.2 s comprised the acquisition time.

The results were analysed using mono-exponential fittings.

Pulse sequence: convection compensated DBPPSTE (bipolar gradient pulses simulated

echo sequence).173,174

4.4.2 Synthesis of ZDDP-amine complexes

General Procedure

ZDDP-amine complexes were obtained by adding the desired stoichiometry of amine to

a solution of iBu ZDDP (0.15 g, 0.27 mmol) in hexane or ethanol (10 cm3). Precipitate

formation either occurred immediately, or in some cases, it was necessary to reduce the

solvent volume by slow evaporation and/or cool the solution in the freezer to give the

desired precipitate. The resulting materials were isolated by filtration, washed with cold

hexane or ethanol and dried in air.

[Zn{κ1-S-S2P(OiBu)2}2(C18-NH2)2] (7)

1H NMR (700 MHz, Chloroform-d) δ 3.78 (dd, 3JPH = 7.9 Hz, 3JHH = 6.7 Hz, 8H,

OCH2CH(CH3)2), 2.97 (t, 3JHH = 7.3 Hz, 4H, N-α-CH2), 1.97 (nonet, 3JHH = 6.7 Hz,

4H, OCH2CH(CH3)2), 1.61 (p, 3JHH = 7.3 Hz, 4H, N-β-CH2), 1.39 – 1.17 (m, 60H,

N-alkyl-CH2), 0.95 (d, 3JHH = 6.7 Hz, 24H, OCH2CH(CH3)2), 0.88 (t, 3JHH = 7.1 Hz,

6H, N-alkyl-CH3).

31P{1H} NMR (162 MHz, Chloroform-d) δ 104.5 (s).

13C{1H} NMR (176 MHz, Chloroform-d) δ 73.4 (d, 2JCP = 8.5 Hz, OCH2CH(CH3)2),

42.4 (N-α-CH2), 32.5 (N-β-CH2), 32.1, 29.9, 29.8, 29.8, 29.7, 29.7 (N-δ -CH2),

29.5, 29.4, 29.1 (d, 3JCP = 8.6 Hz, OCH2CH(CH3)2), 26.8 (N-γ -CH2), 22.8,
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19.2 (OCH2CH(CH3)2), 14.3 (N-alkyl-CH3).

HRMS (ASAP) m/z Calc. for [M+H]+ C52H115N2O4P2S4Zn 1085.6506; Found

1085.6522.

(Calc.: C, 57.46; H, 10.57; N, 2.58. Found: C, 57.53; H, 10.56; N, 2.54).

Crystals suitable for X-ray crystallographic analysis were formed upon slow evaporation

of a CHCl3/MeCN (1:1) solution.

[Zn{κ1-S-S2P(OiBu)2}2(κ2-EDA)] (8)

1H NMR (700 MHz, Chloroform-d) δ 3.80 (dd, 3JPH = 7.9 Hz, 3JHH = 6.7 Hz, 8H,

OCH2CH(CH3)2), 3.33 (br. s, 4H, NH2), 3.24 – 3.20 (m, 4H, NH2(CH2)2NH2), 1.96

(nonet, 3JHH = 6.7 Hz, 4H, OCH2CH(CH3)2), 0.95 (d, 3JHH = 6.7 Hz, 24H,

OCH2CH(CH3)2).

31P{1H} NMR (162 MHz, Chloroform-d) δ 103.5 (s).

13C{1H} NMR (176 MHz, Chloroform-d) δ 73.6 (d, 2JCP = 8.4 Hz, OCH2CH(CH3)2),

40.4 (NH2(CH2)2NH2), 29.1 (d, 3JCP = 8.6 Hz, OCH2CH(CH3)2), 19.2

(OCH2CH(CH3)2).

MS (ASAP) m/z 547.0 (100%, [M-(EDA)+H]+) 365.0 (18%, [M-(DTP)-]+). (N.B. mo-

lecular ion not observed).

(Calc.: C, 35.55; H, 7.29; N, 4.61. Found: C, 35.52; H, 7.23; N, 4.61).

Crystals suitable for X-ray crystallographic analysis formed from a saturated ethanol

solution upon standing.

[Zn(EDA)3][S2P(OiBu)2]2 (9)

1H NMR (700 MHz, Chloroform-d) δ 3.74 (dd, 3JPH = 7.7 Hz, 3JHH = 6.7 Hz, 8H,

OCH2CH(CH3)2), 2.99 (s, 12H, NH2(CH2)2NH2), 2.31 (s, 12H, NH2), 1.94 (nonet,
3JHH = 6.7 Hz, 4H, OCH2CH(CH3)2), 0.94 (d, 3JHH = 6.7 Hz, 24H, OCH2CH(CH3)2).

31P{1H} NMR (162 MHz, Chloroform-d) δ 108.4 (s).
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13C{1H} NMR (176 MHz, Chloroform-d)δ 72.9 (d, 2JCP = 8.6 Hz, OCH2CH(CH3)2),

40.9 (NH2(CH2)2NH2), 29.1 (d, 3JCP = 8.7 Hz, OCH2CH(CH3)2), 19.3

(OCH2CH(CH3)2).

MS (ESI) m/z +ve, 365.1 (100%, [M-2(EDA)-(DTP)-]+); -ve, 241.1 (100%, (DTP)-).

(N.B. molecular ion not observed).

(Calc.: C, 36.28; H, 8.30; N, 11.54. Found: C, 35.91; H, 8.15; N, 11.19)

Crystals suitable for X-ray crystallographic analysis were grown from hot ethanol.

[Zn(DAP)2][S2P(OiBu)2]2 (10)

1H NMR (700 MHz, Chloroform-d) δ 3.75 (dd, 3JPH = 7.9 Hz, 3JHH = 6.7 Hz, 8H,

OCH2CH(CH3)2), 3.18 (s, 8H, NH2), 3.14 – 3.10 (m, 8H, N-α-CH2), 1.95 (nonet, 3JHH

= 6.7 Hz, 4H, OCH2CH(CH3)2), 1.89 – 1.84 (m, 4H, N-β-CH2), 0.94 (d, 3JHH = 6.7 Hz,

24H, OCH2CH(CH3)2).

31P{1H} NMR (283 MHz, Chloroform-d) δ 106.4 (s).

13C{1H} NMR (176 MHz, Chloroform-d) δ 73.1 (d, 2JCP = 8.5 Hz, OCH2CH(CH3)2),

42.2 (N-α-CH2), 30.7 (N-β-CH2), 29.1 (d, 3JCP = 8.7 Hz, OCH2CH(CH3)2), 19.3

(OCH2CH(CH3)2).

MS (ESI) m/z +ve, 695.2 (12%, [M+H]+), 379.1 (100%, [M-(DAP)-(DTP)-]+); -ve,

241.1 (100%, (DTP)-).

(Calc.: C, 37.95; H, 8.11; N, 8.05. Found: C, 37.57; H, 7.98; N, 8.02).

Crystals suitable for X-ray crystallographic analysis formed from a hexane solution on

standing.

[Zn{κ1-S-S2P(OiBu)2}2(µ-DAB)]n(11)

1H NMR (700 MHz, Chloroform-d) δ 3.79 (dd, 3JPH = 7.9 Hz, 3JHH = 6.7 Hz, 8H,

OCH2CH(CH3)2), 3.14 – 3.10 (m, 4H, N-α-CH2), 1.96 (nonet, 3JHH = 6.7 Hz, 4H,

OCH2CH(CH3)2), 1.92 – 1.87 (m, 4H, N-β-CH2), 0.94 (d, 3JHH = 6.7 Hz, 24H,

OCH2CH(CH3)2).
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31P{1H} NMR (287 MHz, Chloroform-d) δ 103.9 (s).

13C{1H} NMR (176 MHz, Chloroform-d) δ 73.4 (d, 2JCP = 8.4 Hz, OCH2CH(CH3)2),

42.0 (N-α-CH2), 29.0 (d, 3JCP = 8.6 Hz, OCH2CH(CH3)2), 28.0 (N-β-CH2), 19.2

(OCH2CH(CH3)2).

(Calc.: C, 37.76; H, 7.60; N, 4.40. Found: C, 37.46; H, 7.50; N, 4.37).

Crystals suitable for X-ray crystallographic analysis formed from a hexane solution on

standing.

[Zn{κ1-S-S2P(OiBu)2}2(κ2-MDAP)] (12)

1H NMR (600 MHz, Chloroform-d) δ 4.09 – 4.01 (m, 3H, CH3NH/NH2), 3.80 (dd,
3JPH = 7.9, 3JHH = 6.7 Hz, 8H, OCH2CH(CH3)2), 3.29 – 3.22 (m, 2H, NH2CH2), 2.99

(br. s, 2H, CH3NHCH2), 2.49 (d, 3JHH = 6.1 Hz, 3H, CH3NH), 1.97 (nonet, 3JHH = 6.7

Hz, 4H, OCH2CH(CH3)2)*, 0.95 (d, 3JHH = 6.7 Hz, 24H, OCH2CH(CH3)2).

31P{1H} NMR (162 MHz, Chloroform-d) δ 103.6 (s).

13C{1H} NMR (151 MHz, Chloroform-d) δ 73.3 (d, 2JCP = 8.4 Hz, OCH2CH(CH3)2),

53.3 (CH3NHCH2), 42.4 (NH2CH2), 37.3 (CH3NH), 28.9 (d, 3JCP = 8.7 Hz,

OCH2CH(CH3)2), 27.7 (CH3NHCH2CH2CH2NH2), 19.0 (OCH2CH(CH3)2).

* Peak overlaps and masks CH3NHCH2CH2CH2NH2 resonance, as observed in the

HSQC spectrum.

Crystals suitable for X-ray crystallographic analysis were obtained by cooling a hex-

ane/pentane solution in the freezer.

[Zn(MDAP)2][S2P(OiBu)2]2 (13)

1H NMR (700 MHz, Chloroform-d) δ 3.78 (dd, 3JPH = 7.9 Hz, 3JHH = 6.7 Hz, 8H,

OCH2CH(CH3)2), 3.05 (t, 3JHH = 6.0 Hz, 4H, NH2CH2),* 2.84 (t, 3JHH = 6.0 Hz, 4H,

CH3NHCH2), 2.46 (s, 6H, CH3NH), 1.96 (nonet, 3JHH = 6.7 Hz, 4H, OCH2CH(CH3)2),

1.86 (p, 3JHH = 6.0 Hz, 4H, CH3NHCH2CH2CH2NH2), 0.94 (d, 3JHH = 6.8 Hz, 24H,

OCH2CH(CH3)2).
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31P{1H} NMR (162 MHz, Chloroform-d) δ 104.8 (s).

13C{1H} NMR (176 MHz, Chloroform-d) δ 73.3 (d, 2JCP = 8.4 Hz, OCH2CH(CH3)2),

52.0 (CH3NHCH2), 42.0 (NH2CH2), 37.1 (CH3NH), 30.1 (CH3NHCH2CH2CH2NH2),

29.0 (d, 3JCP = 8.7 Hz, OCH2CH(CH3)2), 19.2 (OCH2CH(CH3)2).

MS (ESI) m/z +ve, 723.2 (4%, [M+H]+), 393.1 (100%, [M-(DAP)-(DTP)-]+); -ve, 241.1

(100%, (DTP)-).

(Calc.: C, 39.80; H, 8.35; N, 7.74. Found: C, 39.54; H, 8.25; N, 7.68)

* Peak overlaps with and completely masks broad NH resonance. Confirmed by collect-

ing an additional 1H NMR spectrum at a lower frequency of 400 Hz.

Zn4(MDEA)2{S2P(OiBu)2}4 (14)

31P{1H} SSNMR (162 MHz) δ 104.0 (s), 102.3 (s) (ratio 1:1). Two resonances arising

from two DTP binding configurations - consistent with molecular structure.

(Calc.: C, 34.52; H, 6.48; N, 1.92. Found: C, 34.51; H, 6.47; N, 1.92).

Crystals suitable for X-ray crystallographic analysis were obtained by slow evaporation

of an EtOH solution.

4.4.3 Synthesis of MoDTC

[Mo2O2S2(2-EH2DTC)2]

NaS2CN(2-EH)2 (0.52 g, 1.56 mmol) was added to a MeOH/H2O (1:1 v/v) solution

of Na2[Mo2O2S2(cys)2]·4H2O (0.5 g, 0.78 mmol). The resulting mixture was stirred for

1.5 h to yield a cloudy yellow solution. Volatile components were then removed in vacuo

to yield a sticky, yellow semi-solid. The resulting material was treated with a small

portion of hexane (15 cm3) which produced an off-white precipitate. After filtration,

volatile components were removed from the filtrate in vacuo to yield a yellow oil, which

solidified on scraping (0.60 g, 85% yield).

HRMS (ASAP) m/z Calc. for M+· C34H68N2O2S6Mo2 912.1741; Found 912.1775.
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IR (neat, cm-1) νC=N 1525 (s); νMo=O 957 (s), 967 (vs).

(Calc.: C, 44.33; H, 7.44; N, 3.04. Found: C, 44.12; H, 7.36; N, 3.01).

Crystals suitable for X-ray crystallographic analysis where grown by layering a concen-

trated DCM solution with MeOH.



Chapter 5

Thermolysis and Tribological Studies

on ZDDP-OFM Systems

5.1 Introduction

The thermal stability of ZDDPs has long been recognised as a key parameter in dic-

tating their antiwear performance and tribofilm formation rate. Specifically, an inverse

relationship between thermal stability and antiwear activity is well known (dependent

on the nature of alkyl groups - see Section 1.2.2.8.2).144 This relationship is attributed

to more efficient degradation leading to faster tribofilm formation. In the previous

chapter, we highlighted how ZDDP and friction modifier additives present in a lubricant

formulation can interact and undergo complex formation in solution. Hence, the ultimate

performance of lubricant packages are likely to be dictated, in part, by the complexes

formed in solution. But, as yet, the effect of the observed ZDDP-OFM complexation

reactions is unknown. Based on the known correlation between thermal and tribological

performance for ZDDPs when studied in isolation, it was of particular interest to in-

vestigate first the thermal stability and then the tribological performance of these binary

ZDDP-OFM systems where complexation is known to occur.

Here, in this chapter, we first investigate the thermolysis of ZDDP and selected ZDDP-

OFM systems, monitored by 31P NMR spectroscopy. Subsequently, the tribological

performance is tested using the Mini Traction Machine-Spacer Layer Interferometry
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Method (MTM-SLIM), which measures film thickness development and Stribeck fric-

tion curves. MTM-SLIM testing was performed by the author at AkzoNobel in Stenung-

sund, Sweden. Surface analysis (SEM-EDX) on the MTM disk specimens was also

performed (ex situ) to gain further insight into the tribofilms formed and complement the

information gained using the MTM-SLIM method.

5.2 Results and Discussion

5.2.1 Thermolysis of ZDDP and ZDDP-OFM Systems

The thermal behaviour of iBu ZDDP and selected ZDDP-OFM systems in mineral oil

(Nexbase 3043, group III) were assessed by heating samples of the material in an NMR

tube, at the desired temperature, for the required length of time and 31P[1H] NMR spectra

recorded periodically. Although the 31P NMR spectra collected were not acquired so as

to be quantitative, gross repetition time effects on the observed product integrations were

ruled out by collecting intermediate thermal degradation spectra (where all P-containing

species are present) with a standard relaxation delay (D1 = 2 s) and a long relaxation

delay (D1 = 20 s).* Relative product ratios proved to be independent of the relaxation

time used (within error), with the only difference observed being a greater recovery of

the PPh3 capillary reference signal, which does not affect the interpretation of the results.

Initial thermolysis experiments probed the degradation of iBu ZDDP at 160 °C, so as to

provide a baseline for comparison to subsequent studies with OFM-containing systems

(Fig. 5.1). Here it can be observed that the degradation of iBu ZDDP proceeds steadily

and full degradation is achieved after 77 h to a single, oil-soluble, phosphorus-containing

degradation product (δP 97.4). The low frequency shift of the broad ZDDP resonance

is noteworthy, something that is expected based on a decrease in concentration as the

degradation progresses (see Section 4.2.1, Fig. 4.3).

*Routinely for quantitative NMR (qNMR) measurements, the repetition time (τ ) is set so that τ =
5T1, where T1 is the longest longitudinal relaxation time. τ = relaxation delay + acquisition time. At τ =
5T1, 99.3% of the equilibrium magnetisation (signal) is measured. If two (or more) species have notably
different T1 relaxation times, and τ is not long enough to allow the species with the longest T1 to relax to
any great extent, then the subsequent integrations will not reflect the true product ratios.175
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Figure 5.1: Evolution of the 31P[1H] NMR (162 MHz, mineral oil) spectrum of iBu
ZDDP upon heating at 160 °C. 2.5 wt.% ZDDP, C6D6 insert spiked with PPh3 to provide
lock. Chemical shifts were referenced against PPh3 in C6D6 (lit. -5.0 ppm176).

The degradation product observed is assigned to O,O,S-triisobutyldithiophosphate, con-

sistent with reports from Marshall et al.,54 (not S,S,S-triisobutyltetrathiophosphate as

reported by Coy and Jones53) and has been validated by independent synthesis of the

dithio and tetrathio derivates (Scheme 5.1, Fig. 5.2).
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Scheme 5.1: Synthesis of two reported ZDDP thermal degradation products, O,O,S-
triisobutyldithiophosphate and S,S,S-triisobutyltetrathiophosphate.
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Figure 5.2: Comparison of the 31P[1H] NMR (162 MHz, mineral oil) spectra
of the degraded iBu ZDDP sample after heating for 77 hours at 160 °C
(top), S,S,S-triisobutyltetrathiophosphate (middle) and O,O,S-triisobutyldithiophosphate
(bottom). C6D6 insert spiked with PPh3 to provide lock. Chemical shifts were referenced
against PPh3 in C6D6 (lit. -5.0 ppm176).

In addition, high resolution-mass spectrometric analysis [HRMS (ASAP) m/z calc. for

[M+H]+ C12H28O2PS2: 299.1268. Found: 299.1270] was undertaken directly on the

fully degraded sample in mineral oil, unequivocally proving the nature of the degradation

product. Furthermore, the ability to perform HRMS studies directly from a mineral oil

sample is potentially a very useful technique, especially for more complex mixtures

where the synthesis of all possible degradation products becomes unfeasible.

Similarly, the degradation of an iBu ZDDP-hexylamine (ratio 1:2) mixture† proceeds

to also yield O,O,S-triisobutyl-dithiophosphate (δP 97.4), but with full degradation oc-

curring almost 4 times faster than for the iBu ZDDP system, after just 20 hours (Fig.

5.3). Some variation in the chemical shift of the ZDDP-amine resonance is observed;

initially a low frequency shift is apparent (2 h spectrum, Fig. 5.3), that is attributed to

a slowed return to equilibrium after cooling from elevated temperature. This is likely

†Initial experiments were attempted for the iBu ZDDP-octadecylamine (ratio 1:2) system, though the
poor solubility of octadecylamine (OFM1) in mineral oil, at the higher loading required for the 31P NMR
spectroscopic thermolysis experiments, inhibited analysis. For this reason, OFM1 was substituted for the
closely related hexylamine, an amine which has previously been shown interact in an almost identical
manner with iBu ZDDP in solution (Fig. 4.4).



5.2 Results and Discussion 141

caused by the high viscosity of the mineral oil that inhibits the return to equilibrium

after rapid cooling and is consistent with previous variable temperature experiments

that demonstrated ZDDP-amine systems underwent a reversible decomplexation at high

temperatures (Section 4.2.4). Ultimately, this viscosity-inhibited return to equilibrium

was confirmed by allowing sufficient time for the partially degraded thermolysis sample

to return to equilibrium and reacquiring the 31P NMR spectrum. Upon further heating

of the iBu ZDDP-hexylamine (1:2) sample (Fig. 5.3), a high frequency shift of the

ZDDP-amine resonance is observed. This opposing trend is rationalised based on a

decrease in ZDDP concentration (caused by thermal degradation) and hence results in

an effective increase in the ZDDP:amine ratio, something that is known to cause a high

frequency shift of ZDDP resonances.
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Figure 5.3: Evolution of the 31P[1H] NMR (162 MHz, mineral oil) spectrum of iBu
ZDDP-hexylamine (1:2) upon heating at 160 °C. 2.5 wt.% ZDDP, C6D6 insert spiked
with PPh3 to provide lock. Chemical shifts were referenced against PPh3 in C6D6 (lit.
-5.0 ppm176).

The quicker decomposition of the hexylamine-containing iBu ZDDP system (Fig. 5.3)
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compared that of iBu ZDDP when studied in isolation (Fig. 5.1) demonstrates the ability

of amines to increase the rate of ZDDP degradation – something that one might expect

to impact the antiwear behaviour of ZDDPs. Upon consideration of the previously iden-

tified ZDDP-amine complexation reactions (Chapters 3 and 4) and the known thermal

degradation mechanisms associated with ZDDPs (Scheme 5.2),52,55,56 it is perhaps not

unsurprising that the presence of amine enhances ZDDP decomposition rate. In this

thesis it has been demonstrated that 1° amine complexation to ZDDP is associated with

a change in DTP binding mode from chelating/bridging to monodentate – a change that

would be expected to augment both the alkyl transfer and β-hydrogen transfer elimina-

tion degradation pathways shown (Scheme 5.2), based on an increased nucleophilicity

and enhanced basicity of the DTP ligands, respectively. The loss of DTP chelation to

zinc is something that has been previously observed in molecular dynamics simulations

of ZDDP monomers at elevated temperatures, where the dissociation of either one or two

Zn-S bonds was observed.55 This transient dissociation was observed for all the ZDDPs

investigated by Mosey et al. and was found to persist for longer at higher temperatures.

Therefore it follows that, if an amine favours this process and allows the (partially)

dissociated species to persist at lower temperatures, then this likely enhances the rate

of thermal degradation.
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Scheme 5.2: Known thermal degradation mechanisms of ZDDPs.52,55,56 For clarity, zinc
is omitted in the alkyl transfer mechanism, but may be assumed present.

More generally, one might expect this amine-induced, thermolysis rate enhancement for

ZDDPs to extend to other amine-containing systems, i.e. for a 3° amine, which we

have previously shown to interact less strongly with ZDDPs than 1° amines, based on
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increased steric demands (Section 4.2.5). This weaker interaction ultimately causes less

change in the DTP binding mode, and as such the rate enhancement observed should not

be as significant (Fig. 5.4).
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Figure 5.4: Relative changes in nucleophilicity/basicity as a function of DTP binding
mode.

To test this hypothesis, similar thermolysis studies were performed for octadecyldimethyl-

amine, (C18NMe2, OFM3) with iBu ZDDP at 160 °C. However, although a thermo-

lysis rate enhancement was observed for the OFM3-containing system, in comparison

to that of iBu ZDDP when degraded in the absence of amine (as would be expected

based on the arguments made above), differentiating any obvious differences in thermal

stability between the two ZDDP-amine formulations (hexylamine and OFM3) at the

given temperature was not possible. In an attempt to better resolve any differences in

thermal stability the temperature was reduced to 150 °C and thermolysis experiments

repeated for the hexylamine and OFM3 systems. At the new lower temperature, it

was found that a slight difference in thermal stability could be identified by 31P NMR

spectroscopy. This is best displayed by comparing the spectra of the hexylamine and

OFM3 systems obtained after 32 h heating, as shown in Figure 5.5. It can be seen that

after 32 h the ZDDP-hexylamine system (Fig. 5.5, bottom) has undergone complete

degradation to yield a single degradation product, O,O,S-triisobutyldithiophosphate (δP

97.4). However, in contrast, for the iBu ZDDP-OFM3 system (Fig. 5.5, top) a resonance

from the ZDDP-amine adduct (δP 112.7) is still present after 32 h, indicating thermal

degradation is not complete. This observation is consistent with a weaker ZDDP-amine

interaction in solution for a tertiary amine-based OFM, that results in a smaller deviation

in DTP binding mode, and hence the degree of thermolysis rate enhancement observed

is reduced (Fig. 5.4). It is expected that if the temperature was reduced further, i.e. to

100-120 °C, then greater differences in the thermal stability of the two amine systems
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may be observable. These lower temperatures are also closer to that expected in the

bulk of an engine oil (maximum sump temperatures as high as 130 °C in passenger car

engines164) though initial degradation tests at these temperature were extremely slow

and would require exceptionally long degradation times.

92949698100102104106108110112114116
(ppm)

iBu ZDDP-OFM3 (1:2)

iBu ZDDP-Hexylamine (1:2)

Figure 5.5: 31P[1H] NMR (162 MHz, mineral oil) spectra of iBu ZDDP-OFM3 (1:2),
top, and iBu ZDDP-hexylamine (1:2), bottom, after heating at 150 °C for 32 h. 2.5 wt.%
ZDDP, C6D6 insert spiked with PPh3 to provide lock. Chemical shifts were referenced
against PPh3 in C6D6 (lit. -5.0 ppm176).

In addition to the resonance assigned to O,O,S-triisobutyldithiophosphate (δP 97.4),

a small additional resonance is observed for the iBu ZDDP-OFM3 system (δP 96.0).

Given the similar chemical shift to that observed for O,O,S-triisobutyldithiophosphate,

the additional degradation product is likely to be very similar in structure, and is tent-

atively proposed to arise from O,O-diisobutyl-S-methyldithiophosphate. This species

would conceivably form as a result of nitrogen to sulfur alkyl (methyl) transfer, some-

thing which we have shown to occur for a related system (see Scheme 5.4), though

further work is needed to definitively assign this additional product.

Subsequently, we then decided to test the thermal behaviour of an ethoxylated amine

system (OFM5), as our previous studies had suggested that ZDDP-amine complexation

in this case likely produces anionic DTP species as a side product (Fig. 4.7). Anionic
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DTP is the most nucleophilic form of DTP and therefore the thermolysis rate enhance-

ment for this system would be expected to be even greater than that observed for the

1° alkylamine system (Fig. 5.3). As such, thermolysis studies were performed for the

ethoxylated amine OFM5 with iBu ZDDP, at the lower temperature of 150 °C, in an

attempt to aid the resolution of any differences in thermal stability between the different

OFM-containing systems studied (Fig. 5.6). For the iBu ZDDP-OFM5 system (ratio

1:2, mineral oil) studied, initially (at t = 0) two broad, partially-coalesced resonances

were visible {cf. in hexane solution at RT one broad signal was observed (Fig. 4.32),

while in CDCl3 solution at RT a single broad resonance was observed that split into

two upon lowering the temperature (Fig. 4.41)}. The difference observed between

hexane/CDCl3 and mineral solutions is likely a viscosity effect, whereby the increased

viscosity of the mineral oil solvent slowed exchange between the exchanging phosphorus

species, such that the two signals become partially resolved at room temperature in

mineral oil.
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Figure 5.6: Evolution of the 31P NMR (162 MHz, mineral oil) spectrum of iBu ZDDP-
OFM5 (1:2) upon heating at 150 °C. 2.5 wt.% ZDDP, C6D6 insert spiked with PPh3 to
provide lock. Chemical shifts were referenced against PPh3 in C6D6 (lit. -5.0 ppm176).
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From the data presented in Figure 5.6, it is apparent that thermal degradation for the

ethoxylated amine system proceeds notably faster than any previously studied system,

with full degradation having occurred after just 3 h at 150 °C. This observation is

consistent with the presence of anionic DTP that is significantly more nucleophilic than

any metal-bound DTP ligand, and is expected to considerably enhance the rate of ther-

molysis, based on the promotion of the alkyl transfer degradation mechanism known

for ZDDPs (Scheme 5.2). Although a significant rate enhancement is observed, in

this case the degradation product mixture is far more complex, with the 31P{1H} NMR

spectrum revealing the presence of four, oil-soluble phosphorus-containing species (Fig.

5.6, inset). The chemical shifts of the products observed are all very similar, ranging

from 97.3 to 97.9 ppm. These values are also very similar to that of the previously

observed degradation product, O,O,S-triisobutyldithiophosphate (δP 97.4). The narrow

range and absolute values of the chemical shifts observed highlights the similarity of the

degradation products to each other, and to O,O,S-triisobutyldithiophosphate. The nature

of these degradation products will be discussed further, later in this section.

To test our hypothesis regarding thermolysis rate enhancement being caused by the

presence of anionic DTP, we performed thermolysis experiments on iBu ZDDP with the

addition of an authentic sample of anionic DTP. Initially, we had potassium diisobutyldi-

thiophosphate (KDTP) to hand, as it is an intermediate used for the synthesis of iBu

ZDDP, however the solubility of this species in mineral oil was exceptionally poor, as

would be expected. To circumvent this solubility problem, a cation exchange reaction

was performed in which the potassium cation was exchanged for tetraalkylammonium,

specifically [NPr4]+, to give tetrapropylammonium diisobutyldithiophosphate (ADTP)

(Scheme 5.3, Fig. 5.7).
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Scheme 5.3: Synthesis of tetrapropylammonium diisobutyldithiophosphate (ADTP).
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Figure 5.7: Molecular structure of tetrapropylammonium diisobutyldithiophosphate
(ADTP) with thermal ellipsoids at the 50% probability level; H atoms are omitted for
clarity. Selected bond distances: P-S1, 1.9594(4) Å; P-S2, 1.9586(4) Å. Selected bond
angles: S1-P-S2, 119.81(2)°.

Now with ADTP in hand, thermolysis experiments were performed on a 1:1 mineral oil

solution of iBu ZDDP and ADTP (sample formulated at 0.28 wt.% P to match the P

content of a 2.5 wt.% iBu ZDDP solution) at 160 °C (Fig. 5.8). Here it can be seen

that, in comparison to the thermolysis of iBu ZDDP in isolation (Fig. 5.1) the rate of

thermolysis is enhanced over 2 fold, with full thermal degradation having occurred after

30 h (cf . iBu ZDDP required 77 h at 160 °C for full degradation). The observed thermo-

lysis rate enhancement supports the conjecture that the presence of a more nucleophilic

species, i.e. anionic DTP, promotes the thermal degradation of ZDDP. That said, in this

case two degradation products are clearly observed by 31P NMR spectroscopy (Fig. 5.8),

and while one is assigned to the previously observed O,O,S-triisobutyldithiophosphate

(δP 97.4), the nature of the second species was unknown (δP 97.0).
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Figure 5.8: Evolution of the 31P[1H] NMR (162 MHz, mineral oil) spectrum of iBu
ZDDP-ADTP (1:1) upon heating at 160 °C. 0.28 wt.% P, C6D6 insert spiked with PPh3
to provide lock. Chemical shifts were referenced against PPh3 in C6D6 (lit. -5.0 ppm176).

To gain further insight into the nature of the unknown degradation product, the degrad-

ation sample (160 °C, 30 h) obtained from the NMR-scale degradation reaction was

passed through a short silica column (hexane/toluene 95:5) to remove the mineral oil

solvent and enable the acquisition of a suitable 1H NMR spectrum. Subsequent analysis

of the 1H NMR spectrum collected (consisting of both O,O,S-triisobutyldithiophosphate

and the unknown degradation product which were not separable) (Fig. 5.9), revealed

the presence of three extra resonances in addition to the known resonances arising from

O,O,S-triisobutyldithiophosphate. These additional spectroscopic resonances were con-

sistent with a propylated sulfur residue. Subsequent high resolution mass spectrometric



5.2 Results and Discussion 150

analysis (undertaken directly from the degraded sample in mineral oil) [HRMS (ASAP)

m/z calc. for [M+H]+ C11H26O2PS2: 285.1112. Found: 285.1118] corroborated the

NMR spectroscopic data and confirmed the unknown degradation product to be O,O-

diisobutyl-S-propyldithiophosphate. Peak assignments for the S-propyl group are depic-

ted in Figure 5.9, though it should be noted that the terminal S-CH3 triplet resonance of

O,O-diisobutyl-S-propyldithiophosphate overlaps with the terminal S-CH3 doublet from

O,O,S-triisobutyldithiophosphate.
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Figure 5.9: 1H NMR (400 MHz, CDCl3) spectrum of iBu ZDDP-ADTP (1:1)
degradation mixture (150 °C, 3 h) post silica column.

The S-propyl group of O,O-diisobutyl-S-propyldithiophosphate must originate from the

tetrapropylammonium cation and drawing similarities to the known alkyl transfer de-

gradation mechanism of ZDDPs (Scheme 5.2), it is expected that O,O-diisobutyl-S-

propyldithiophosphate forms via a similar mechanism, but with alkyl transfer from ni-

trogen to sulfur, rather than oxygen to sulfur (Scheme 5.4).
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Scheme 5.4: Proposed nitrogen to sulfur alkyl transfer mechanism.

Analogies from this proposed reaction pathway can be drawn and applied to the afore-

mentioned iBu ZDDP-OFM5 (1:2) thermolysis, which displayed four oil soluble P-

containing degradation products by 31P{1H} NMR spectroscopy (Fig. 5.6, inset). Hav-

ing observed that alkyl groups can be transferred from an ammonium-based cation to

DTP species, when sufficiently nucleophilic DTP is present, by extension, it is feasible

that a similar reaction may occur for the iBu ZDDP-OFM5 (1:2) system, in which

anionic DTP has previously been identified as a side product. High resolution-mass

spectrometric analysis undertaken directly on the degraded iBu ZDDP-OFM5 (1:2)

sample in mineral oil, identified five possible degradation products including the pre-

viously identified O,O,S-triisobutyldithiophosphate (Fig. 5.10).
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Figure 5.10: Possible thermal degradation products identified by HRMS (ASAP) after
thermolysis of a iBu ZDDP-OFM5 (1:2) sample (150 °C, 3 h).

While O,O,S-triisobutyldithiophosphate is known to form via “conventional” oxygen to

sulfur alkyl transfer between DTP species (Scheme 5.2), the other species are believed

to form, not by nitrogen to sulfur transfer as found for the ADTP containing system, but

by a related process involving nucleophilic attack at the β-carbon of the pendant ethanol
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branches (Scheme 5.5). The observation of the two, single- and double-substitution

reaction products (Fig. 5.10), that differ only in the length of the alkyl chain is consistent

with the known composition of the commercial product OFM5, which contains around

35% and 65%, C16 and C18 ethoxylated amine, respectively. Of course, with only HRMS

data to support the formation of the given products it is possible that the observed ions are

formed simply as a consequence of the mass spectrometry-induced ionisation processes.

As such, further work would be necessary to definitively confirm their presence in the

degraded mineral oil sample.
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Scheme 5.5: Proposed mechanism for the formation of the single and double substitution
products, identified by HRMS, involving nucleophilic attack at the β-carbon of a pendant
ethanol branch.

Overall, the thermolysis studies performed have identified the ability of amine-functional

OFMs to enhance the rate of thermal degradation in ZDDP-OFM systems. The relative

thermal stabilities observed are highly dependent on the DTP binding configuration,

something that is dictated by strength of the ZDDP-amine interaction in solution (Fig.

5.11)
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Figure 5.11: Relationship observed between the strength of ZDDP-amine interaction,
the resulting DTP binding mode and the thermal stability observed for ZDDP-amine
systems.
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For ZDDP systems with 1° and 3° amines, a common degradation product is observed,

thus suggesting a common degradation mechanism. Based on the known degradation

mechanisms of alkyl ZDDPs, the degree of the rate enhancement observed is rationalised

based on the strength of ZDDP-amine interaction in solution. A stronger ZDDP-amine

interaction causes greater change in DTP binding mode, which increases both the nucle-

ophilicity and the basicity of the DTP moieties of ZDDP.

When the change in DTP binding mode is taken to the extreme case and the DTP ligands

are fully ionised to produce anionic DTP, an even greater rate enhancement is observed.

This was postulated to occur due to the greater nucleophilicity of anionic DTP, something

that was subsequently verified by adding an ammonium-based DTP salt to ZDDP and

studying the thermal degradation. This study revealed an additional degradation product,

O,O-diisobutyl-S-propyldithiophosphate, which must form via nitrogen to sulfur, rather

than oxygen to sulfur, alkyl transfer. For the ethoxylated amine system studied, a more

complex degradation mixture was observed by 31P{1H} NMR spectroscopy. HRMS

studies identified several possible degradation products, which form via a subtly different

mechanism that involves nucleophilic attack at the β-carbon of the pendant ethanol

branches of the ethoxylated amine.

5.2.2 Tribological Behaviour of ZDDP-OFM systems

With a greater understanding of the effect of amine-functional OFMs on the thermal

behaviour of ZDDP-OFM systems, it was then necessary to assess, and subsequently

rationalise, the tribological performance observed in such systems. To achieve this aim,

various techniques were employed to investigate the growth kinetics, physical (thickness,

morphology), chemical (composition), and tribological properties (friction, wear) of

tribofilms generated from ZDDP-OFM systems.

Tribological tests were performed at AkzoNobel in Stenungsund, Sweden using a Mini

Traction Machine (MTM2) in a sliding-rolling ball-on-disk setup. The MTM2 is fitted

with a 3D Spacer Layer Imaging Method (SLIM) attachment, which enables the in situ

capture of optical interference images of the tribofilm formed on the steel ball (Fig.
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5.12); subsequent analysis yields the tribofilm thickness (see experimental for more

details).

Figure 5.12: Diagram of MTM-SLIM set up.

MTM-SLIM conditions used in this thesis are summarised in Table 5.1, with a typical

MTM-SLIM test procedure consisting of several stages:

1. Firstly, in the “film-forming” stage, the ball and disk were rubbed together in the

mixed or boundary regime (low entrainment speed) to generate a tribofilm on the

rubbed track of the ball and disk.

2. After a predetermined length of time at a set temperature, motion was halted, the

rubbed track of the ball was loaded against the coated glass window and an optical

interference image was captured (“tribofilm measurement”). The ball was then

withdrawn and the film-forming process was resumed.

3. After the desired test duration (2 h), a “Stribeck curve” was acquired, in which

friction was measured over a range of entrainment speeds at a fixed slide-roll ratio.
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Table 5.1: MTM-SLIM test conditions.

Film-Forming Phase
Temperature 120 °C
Load 20 N
Entrainment Speed 0.1 m/s
Slide-roll Ratio 50%

Stribeck Curve Phase
Temperature 120 °C
Load 20 N
Entrainment Speed 3 to 0.005 m/s
Slide-roll Ratio 50%

5.2.2.1 iBu ZDDP Tribofilm Formation and Properties

So as to provide a baseline for comparison to ZDDP-OFM mixtures, MTM-SLIM tests

were initially performed on mineral oil and iBu ZDDP mineral oil (0.5 wt.% ZDDP)

solutions. For iBu ZDDP, optical interferometry images collected periodically during

the course of the MTM test displays the evolution of the ZDDP growth indicated by the

dark areas within the contact (Fig. 5.13). Graphically, this evolution is also displayed

versus rubbing time, where tribofilm growth can be characterised by initial rapid growth

(0-30 mins), which then slows down and stabilises at a thickness around 120 nm. These

results are consistent with previous reports of ZDDP tribofilm growth.59,73,119 It should

be noted however, in this work a single-component ZDDP is used, rather than a com-

mercial ZDDP sample made up of a mixture of ZDDPs, which are normally used in the

bulk of the ZDDP literature.
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Figure 5.13: Optical interference images and average film thicknesses plotted against
rubbing time for iBu ZDDP. Film thicknesses quoted are the average values from two
independent tests and error bars depict the standard deviation.

It might be expected that the growth plateau observed for ZDDP tribofilms after extended

rubbing is based on a balance of tribofilm formation and removal. This possibility has

been investigated by replacing a ZDDP solution after the tribofilm growth has plateaued

with a mineral oil solution. Negligible tribofilm removal was observed and therefore

suggests ZDDP tribofilm growth is self-limiting, something that is in agreement with

the stress-promoted thermal activated model proposed for tribofilm growth (see Section

1.2.2.8.2).59,73

Subsequently, after tribofilm formation (at the end of the 2 h film-forming stage), friction

coefficient measurements were performed over a range of entrainment speeds at a fixed

slide-roll ratio to produce Stribeck curves, which can be related to the performance

of the tribofilms formed. The data presented in Figure 5.14 show how friction varies

and generally decreases as the entrainment speed is increased. This corresponds to the

transition away from the boundary lubrication regime at low entrainment speeds, to the

fluid lubrication regime at high speeds. Specifically, for a mineral oil sample containing
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no additives, after 2 h rubbing the Stribeck curve presented shows an almost linear

decrease in friction coefficient with increasing entrainment speeds. However, for the

ZDDP-containing mineral oil solution, the Stribeck curve profile is distinctly different.

Overall, there is a clear increase in friction across all entrainment speeds investigated,

though the greatest increase in friction is observed in the mixed lubrication regime

(intermediate speeds), where the high friction values typical in the boundary regime (low

speeds) are extended and persist to much higher speeds, before a linear drop in friction

at high speeds is observed.
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Figure 5.14: Stribeck curves for iBu ZDDP and neat mineral oil solutions after 2 h
rubbing. The results presented are the average plots obtained from two independent
tests.

This frictional response caused by ZDDP tribofilms, that essentially shifts the Stribeck

curve to the right (to higher entrainment speeds), has been recognised for a long time

and for this reason the additional of a compatible and synergistic FM is essential for fuel

economy improvements in an engine lubricant formulation.73 The origin of ZDDPs’ fric-

tional performance is believed to be caused by the extremely rough topology of ZDDP

tribofilms that allows lubricant to drain from the contact and inhibits fluid entrainment

to higher speeds.71

Based on the results presented, the following conclusions were drawn, before tests with

OFMs were performed:
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• iBu ZDDP forms thick (~120 nm) films on rubbing steel surfaces.

• Tribofilm growth was observed to be rapid in the first 30 minutes of rubbing, before

the growth slows and the tribofilm reaches its critical thickness.

• The iBu ZDDP-derived tribofilm increases friction, especially in the mixed lub-

rication regime (intermediate speeds).

5.2.2.2 Film Formation and Properties of ZDDP-OFM Blends

MTM-SLIM tests were performed on solutions containing iBu ZDDP (0.5 wt.%) and the

selected OFM in the desired ZDDP:OFM molar ratio, in order to investigate the extent

to which the presence of OFMs affected tribofilm growth and friction. Initial tests were

performed with the straight chain primary amine, octadecylamine (OFM1) studied in

two ZDDP:OFM molar ratios, specifically 1:1 and 1:2.
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Figure 5.15: Stribeck curves for iBu ZDDP-OFM1 solutions (ratio 1:1 and 1:2)
produced after 2 h rubbing. The Stribeck curve for iBu ZDDP is given comparison.
The results presented are the average plots obtained from two independent tests.

In terms of frictional performance, from the Stribeck curves obtained it can be seen that

a significant reduction in friction is observed for both 1:1 and 1:2 systems across all

entrainment speeds, in comparison to iBu ZDDP (Fig. 5.15). This result is very much
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expected and consistent with the known function of OFMs.73,120 Particularly it is appar-

ent that the extension of high friction values to higher speeds observed for iBu ZDDP,

is no longer present in the case of the OFM1-containing systems, suggesting significant

modification and/or inhibition of ZDDP tribofilm growth. Increasing the concentration

of OFM1 from 1 to 2 equivalents leads to a slightly greater friction reduction, something

likely to be due to increased OFM surface adsorption and/or ZDDP tribofilm inhibition.

iBu ZDDP-OFM1 (ratio 1:1)

Initial 5 min 15 min 30 min 60 min 120 min

iBu ZDDP-OFM1 (ratio 1:2)

Figure 5.16: Optical interference images obtained for iBu ZDDP-OFM1 systems (ratio
1:1 and 1:2) upon progressive rubbing during MTM tests.

From the SLIM images presented in Figure 5.16 it can seen that the rate of tribofilm

growth is indeed significantly suppressed when OFM1 is added to ZDDP-containing

solutions. The film formation observed is dependent on the ZDDP:OFM molar ratio,

where at a molar ratio equal to 1:2, tribofilm growth is suppressed to the point that no

measurable tribofilm is formed on the surface after 2 h under the test conditions used

(cf. detection limit of SLIM is ~ 5 nm119). In contrast, for the lower 1:1 ZDDP-OFM

ratio, some visible tribofilm begins to form after approximately 30 minutes, though the

thickness is considerably is reduced in comparison to iBu ZDDP in isolation (Fig. 5.13).

The lack of tribofilm observed in the SLIM images for the iBu ZDDP-OFM1 systems

is consistent with ex situ SEM-EDX analysis performed on the wear track of the MTM

disk. The elemental compositions obtained from both the OFM1-containing systems

closely resembles that of the MTM disk substrate outside the contact zone (data not

presented); in particular, the lack of zinc content is especially diagnostic in identifying

the absence of a significant ZDDP-based tribofilm (Table 5.2).
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Table 5.2: Average elemental compositions of a 5 mm area of the wear tracks of MTM
disks post MTM-SLIM testing obtained via SEM-EDX analysis. Standard deviations
are given in parentheses.

Formulation %C %O %P %S %Cr %Fe %Zn

iBu ZDDP 12.3 9.7 1.5 0.7 1.3 65.5 6.3
(0.1) (0.3) (0.05) (0.05) (0.05) (0.4) (0.1)

iBu ZDDP-OFM1 (1:1)
12.4 1.7 0.2 0.2 1.6 82.9 0.7
(0.5) (0.05) (0.05) (0.1) (0.1) (0.4) (0.1)

iBu ZDDP-OFM1 (1:2)
12.0 1.0 0.1 0.1 1.6 84.6 0.1
(0.3) (0.4) (0.1) (0.05) (0.05) (0.2) (0.1)

Tribofilm growth suppression has been reported previously for amine-based OFMs with

ZDDPs and is typically rationalised as either a consequence, or combination of, ZDDP-

amine complexation and OFM surface adsorption, thus blocking surface sites.73,118,120

Relating to this, our thermal studies (Section 5.2.1) identified that in terms of thermal be-

haviour, amine complexation increased the rate of ZDDP thermolysis, and is something

therefore that might be expected to translate to faster tribofilm formation, as proven for

ZDDPs when studied in isolation.144 The fact that the opposite is true suggests some

other growth suppression mechanism is operative and dominant, which is not related to

thermal stability.

One possibility for the observed growth suppression can be deduced from the fact that

the presence of a friction modifier inherently reduces friction, and thus also reduces the

applied shear stress. Given the thermally-activated, stress-assisted rate model recently

proposed for ZDDP tribofilm formation (see Section 1.2.2.8.2),57,70 a reduction in shear

stress therefore reduces a significant driver for tribofilm formation and could explain the

slower growth kinetics observed. This idea is consistent with the observation that ZDDP

solutions in group III or group IV base oils intermittently fail to form tribofilms even in

thin-film sliding/rolling conditions, something that is suspected to be caused by the low

friction and hence shear stress in these systems.57

Another plausible mechanism of tribofilm growth suppression is based on the availability
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of network-forming zinc cations. If amine-functional OFMs effectively sequester the

zinc cations and make them less available and/or leach them from preformed ZDDP tri-

bofilms, the tribofilm thickness will be effectively reduced, in spite of the faster thermal

degradation of the ZDDP-OFM system.

To test the validity of the hypothesis that the availability of zinc cations could be limit-

ing tribofilm formation, MTM-SLIM tests were performed on the previously observed

thermal degradation product, O,O,S-triisobutyldithiophosphate (formulated at a wt.%

P to match that of a 0.5 wt.% ZDDP solution). This species possesses very similar

chemical functionality to a ZDDP, but lacks the potentially crucial zinc cation. The

optical interference images collected during MTM testing for this species show evidence

to suggest the beginning of tribofilm formation, but with only a very thin tribofilm being

present after 2 h rubbing time (Fig. 5.17).

Initial 5 min 15 min 30 min 60 min 120 min

O,O,S-Triisobutyldithiophosphate

Figure 5.17: Optical interference images obtained for O,O,S-triisobutyldithiophosphate
upon progressive rubbing during MTM tests.

This result supports the idea that amine-functional OFMs can sequester or leach zinc

from the ZDDP tribofilm, which contributes to the slower ZDDP tribofilm growth kin-

etics observed. Further to this, the optical interference results obtained for tests in-

volving O,O,S-triisobutyldithiophosphate are also consistent with reports regarding other

metal-free species.35 For these compounds, tribofilms are reported to form, but at a

much slower rate than for ZDDPs. Suitable network-forming cations are reported to

be eventually provided by iron from the steel surface, generated with prolonged rubbing.

To summarise, several mechanisms have been proposed to explain the slower tribofilm

growth kinetics observed for the iBu ZDDP-OFM1 systems studied and will be sum-

marised below, though in fact, it is possible and perhaps likely that a combination of
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mechanisms contributes to the tribofilm growth behaviour observed, rather than a single

process.

• Amine-functional OFMs sequester network-forming zinc cations and make them

less available and/or leach them from preformed ZDDP tribofilms

• Inherent friction reduction caused by OFMs, which in turn reduces the applied

shear stress in the system - shear stress being recently identified as a key driver for

ZDDP tribofilm formation.

• Adsorption of OFMs to the steel surface thus blocking surface sites for tribofilm

growth.

5.2.2.2.1 Steric Effects on Tribofilm Formation and Properties

Previously in this thesis, we have identified a correlation between the steric demands and

the strength of ZDDP-amine complexation, initially for pyridine-based ligands (Chapter

3) and subsequently for amine-based OFMs (Chapter 4). Additionally, as outlined above,

we subsequently investigated the effect of steric demands of the amine-based OFM on

the thermal properties of ZDDP-OFM systems. Here it was found that stronger OFM

complexation reduced the thermal stability of ZDDP causing faster thermal degradation.

With this understanding in hand, we then investigated the tribological performance of

octadecyldimethylamine (OFM3) with iBu ZDDP to assess and rationalise any differ-

ences observed compared to the previously studied OFM1 system.

MTM-SLIM tests were performed for iBu ZDDP with OFM3 in two ZDDP:OFM molar

ratios, 1:2 and 1:4, the resulting friction and film thickness results are presented in Figure

5.18.
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Figure 5.18: Stribeck curves produced after 2 h rubbing (top) and film thickness
development (bottom) for iBu ZDDP-OFM3 solutions (ratio 1:2 and 1:4). Results are
the average from two independent tests. Individual film thickness error bars are omitted
for clarity (average standard deviation, σ̄ = 7 nm).

Initially focussing on the 1:2 OFM3 ratio studied, a modest friction reduction is observed

in comparison to that from the iBu ZDDP solution alone. Additionally, a further friction

reduction is observed with increased OFM loading (1:4 ZDDP:OFM ratio), particularly

in the boundary/mixed regimes (low/medium speeds) (Fig. 5.18, top). The friction

reduction observed for OFM3 is far less efficient than for OFM1 (Fig. 5.15), and can be

attributed to a combination of reduced surface adsorption and less efficient OFM surface
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packing caused by increased steric demands at nitrogen.

In terms of tribofilm thickness, it is apparent that with increased OFM3 concentrations

the tribofilm thickness decreases, as observed previously for OFM1 (Fig. 5.16). How-

ever, the degree of ZDDP tribofilm growth suppression observed for the two OFMs

is notably different. For OFM1 at a ZDDP:OFM ratio of 1:2, tribofilm growth is

completely precluded, while at a 1:1 ratio the tribofilm is less than 20 nm thick after

2 h rubbing. Under otherwise identical conditions, for OFM3 at a ZDDP:OFM ratio

equal to 1:2, a tribofilm thickness of approximately 90 nm is observed, whilst even at the

highest OFM loading (1:4 ZDDP:OFM ratio) a tribofilm thickness of greater than 85 nm

is formed.

Finally, to check the origin and composition of the tribofilms formed, tribofilm elemental

compositions of the MTM disk wear tracks were obtained by SEM-EDX measurements

(Table 5.3). The elemental analyses data confirms the origin of the tribofilms to be

ZDDP-based (significant zinc content), and that the composition is similar to that ob-

tained with pure iBu ZDDP solutions.

Table 5.3: Average elemental compositions of a 5 mm area of the wear tracks of MTM
disks post MTM-SLIM testing. Standard deviations are given in parentheses.

Formulation %C %O %P %S %Cr %Fe %Zn

iBu ZDDP 12.3 9.7 1.5 0.7 1.3 65.5 6.3
(0.1) (0.3) (0.05) (0.05) (0.05) (0.4) (0.1)

iBu ZDDP-OFM3 (1:2)
14.1 9.6 1.5 1.2 1.3 62.2 7.9
(0.3) (0.3) (0.1) (0.1) (0.05) (0.4) (0.4)

iBu ZDDP-OFM3 (1:4)
13.2 7.5 1.0 0.9 1.4 67.8 6.3
(0.6) (0.3) (0.1) (0.05) (0.05) (0.4) (0.2)

In the context of the previously-proposed mechanisms for ZDDP tribofilm growth sup-

pression (Section 5.2.2.2), one might expect all of three of the mechanisms proposed to

contribute to the difference in tribofilm growth rates observed for OFM1 versus OFM3

in ZDDP solutions as follows:

• Firstly, based on the increased steric demands of OFM3 compared to OFM1, less
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efficient surface adsorption and packing will result in more surface sites available

for ZDDP adsorption and tribofilm formation.

• Somewhat related to the first point, the reduced surface adsorption and less effi-

cient packing of OFM3, results in a less effective friction reduction. Higher shear

stress results as a consequence of higher friction in the system and shear stress is

believed to drive tribofilm formation.

• Finally, the greater steric demands of OFM3 reduces its propensity to bind ZDDP

and sequester network-forming zinc cations. This means the zinc cations are more

available to form a tribofilm.

5.2.2.2.2 Multiple Donor Sites – Effect on Tribofilm Formation and Properties

As discussed in Chapters 4 and 5, the presence of additional OFM donor sites can

have a drastic impact on the solution and thermal behaviour in ZDDP-OFM systems.

Specifically for ethoxylated amine-based OFMs, our solution studies suggested that iBu

ZDDP-OFM5 complexation resulted in the formation of a tetranuclear zinc cluster and

fully ionised DTP ligands. The presence of anionic DTP was subsequently attributed to

cause drastic increases in the rate of ZDDP thermal degradation for this system.

In terms of tribological performance, MTM-SLIM tests were performed for iBu ZDDP

with OFM5 in two ZDDP:OFM molar ratios, 1:2 and 1:4; the results are displayed in

Figure 5.19.

The Stribeck curves obtained for the two iBu ZDDP-OFM5 ratios studied are not par-

ticularly striking, only a modest friction reduction is observed in comparison to that

obtained for an iBu ZDDP solution (Fig. 5.19, top), and is somewhat comparable to that

obtained using OFM3 (Fig. 5.18, top). Although one might expect the ethoxylated OFM

to be better ’anchored’ to a steel surface given the presence of multiple donor sites, the

OFM packing efficiency will be low based on the steric requirements of the additional

donor groups, and thus accounts for the relatively small friction reductions observed.



5.2 Results and Discussion 166

P
iBuO

S

S

iBuO
Zn

S

S
P

OiBu

OiBu
OH

N
R

2
+ n (R = Tallow)

0.00

0.02

0.04

0.06

0.08

0.10

0.12

0.14

1 10 100 1000 10000

Fr
ic

tio
n 

Co
ef

fic
ie

nt

Entrainment Speeds (mm·s-1)

 ZDDP

 ZDDP-OFM5 (1:2)

 ZDDP-OFM5 (1:4)

0

20

40

60

80

100

120

0 20 40 60 80 100 120

Fi
lm

 T
hi

ck
ne

ss
 (n

m
)

Time (min)

 ZDDP

 ZDDP-OFM5 (1:2)

 ZDDP-OFM5 (1:4)

Figure 5.19: Stribeck curves produced after 2 h rubbing (top) and film thickness
development (bottom) for iBu ZDDP-OFM5 solutions (ratio 1:2 and 1:4). Results are
the average from two independent tests. Individual film thickness error bars are omitted
for clarity (average standard deviation, σ̄ = 10 nm).

In contrast to the friction performance, the tribofilm growth trends observed for the two
iBu ZDDP-OFM5 ratios are particularly interesting (Fig. 5.19, bottom). The data show

that while tribofilm growth is suppressed for both the 1:2 and 1:4 ZDDP:OFM ratios

studied in comparison to iBu ZDDP, the higher 1:4 ratio OFM5 system produces a not-

ably thicker tribofilm than the 1:2 ratio. This increasing tribofilm thickness with increas-

ing OFM concentration directly contradicts the trends observed for all other ZDDP-OFM

systems studied in this thesis. Subsequently, to help explain the contradictory tribofilm



5.2 Results and Discussion 167

growth trend observed for iBu ZDDP-OFM5 systems elemental compositions of the

tribofilms formed on the MTM disk were determined by SEM-EDX analysis (Table 5.4).

Table 5.4: Average elemental compositions of a 5 mm area of the wear tracks of MTM
disks post MTM-SLIM testing obtained via SEM-EDX analysis. Standard deviations
are given in parentheses.

Formulation %C %O %P %S %Cr %Fe %Zn

iBu ZDDP 12.3 9.7 1.5 0.7 1.3 65.5 6.3
(0.1) (0.3) (0.05) (0.05) (0.05) (0.4) (0.1)

iBu ZDDP-OFM5 (1:2)
12.2 2.5 0.2 0.4 1.6 82.4 0.0
(0.4) (0.3) (0.05) (0.05) (0.05) (0.3) (0.05)

iBu ZDDP-OFM5 (1:4)
14.2 2.1 0.1 0.2 1.6 81.2 0.0
(0.9) (0.8) (0.05) (0.05) (0.05) (0.1) (0.05)

From the elemental analyses data presented, particularly the absence of any zinc content

for OFM5-containing systems, demonstrates that the tribofilms formed are not ZDDP-

based, but rather OFM-based. The fact that the tribofilms are OFM-based, provides an

explanation for the trend observed whereby greater OFM loading results in a thicker

tribofilm.
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Figure 5.20: Chemical structure and binding of EDTA to a zinc cation, top, and the
chemical structure of OFM5 (R = tallow), bottom.

The reason behind the complete absence of a ZDDP-based tribofilm is thought to be

two-fold. Firstly the multiple donor sites present in OFM5 are expected to anchor the
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OFM to the surface more effectively and hence more effectively block surface sites and

promote OFM tribofilm formation. In addition, earlier in this thesis (Section 4.2.6.2) the

tridentate OFM5 was shown to bind zinc more strongly than other monodentate OFMs,

and hence is expected to sequester network-forming zinc cations extremely effectively.

In fact, work by Spikes and co-workers,177 demonstrated that ethylenediaminetetraacetic

acid (EDTA) is extremely effective in dissolving ZDDP tribofilms by complexing to

ZnII and FeIII cations. The structural motifs of EDTA are very similar to those of OFM5

(Fig. 5.20), and therefore it would be expected that these similar chemical functionalities

would significantly hinder the formation of ZDDP-based tribofilms, especially when

present in solution during the film-forming process.

5.3 Conclusions

In this chapter, the thermal stability of selected ZDDP and ZDDP-OFM systems were

studied using 31P NMR spectroscopy. Here it was demonstrated that the presence of

amine-functional OFMs enhanced the rate of thermal degradation in ZDDP-OFM solu-

tions, with the extent of this rate enhancement being dependent on the structure of

the OFM present. For the monodentate amine-functional OFMs studied (OFM1 and

OFM3), it was found that decreasing OFM steric demands favoured ZDDP degradation.

This behaviour was attributed to the stronger ZDDP-OFM solution interaction that resul-

ted in a greater change in DTP binding mode (chelating to monodentate) and ultimately

increases the nucleophilicity/basicity of the ZDDP-based DTP moieties.

When iBu ZDDP was studied in the presence of an ethoxylated OFM (OFM5) an even

greater thermolysis rate enhancement was observed. This faster thermal degradation was

rationalised based on the presence of the extremely nucleophilic, anionic DTP ligands,

which were believed to form as a result of ZDDP-OFM complexation, as discussed in

Chapter 4. The degradation mixture obtained for the ethoxylated amine system is much

more complex and is believed to be a result of a competing nucleophilic pathway, which

involved nucleophilic attack by DTP ligands at the β-carbon of the pendant ethanol

branches of the ethoxylated amine OFM.
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In terms of tribological performance, MTM-SLIM studies demonstrated that OFM struc-

ture plays a key role in dictating both tribofilm formation and properties. Decreased

OFM steric demands for monodentate amine-functional OFMs studied with ZDDP res-

ults in a greater friction reduction, but also coincides with severely inhibited tribofilm

formation, despite the lower thermal stability previously demonstrated for all ZDDP-

OFM systems. Similarly, the combination of an ethoxylated OFM with ZDDP in solution

completely inhibited the formation of a ZDDP-based tribofilm, though an OFM-based

tribofilm was apparent and confirmed by SEM-EDX analysis.

Overall, a key result obtained in this chapter was that lower thermal stability in ZDDP-

OFM systems does not correlate to faster ZDDP-tribofilm formation in amine-functional

OFM-containing systems, a correlation that has been long established for ZDDPs when

studied in isolation. Rather than thermal stability dictating the rate of tribofilm forma-

tion, it is apparent that the propensity of an OFM to complex to network-forming zinc

cations, to adsorb to and thus block surface sites, and to reduce friction (and hence shear

stress), dictates tribofilm formation and properties.

5.4 Experimental

5.4.1 General Considerations

Solvent purification and compound characterisation was performed as detailed in Chapter

3. All commercial OFMs and the Group III mineral oil, Nexbase 3043 (Neste), were

kindly supplied by AkzoNobel, while all other chemicals were purchased and used as

received from commercial suppliers, unless otherwise stated.

5.4.2 Synthetic Procedures

O,O,S-Triisobutyldithiophosphate

Isobutyl bromide (0.98 g, 7.13 mmol) was added to a solution of potassium diisobutyl

dithiophosphate (2.00 g, 7.13 mmol) in iBuOH (75 cm3) and the mixture heated at

reflux for 16 hours. Volatile components were removed in vacuo before the addition of
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water and the product extracted into ether (3 × 20 cm3). Subsequent removal of volatile

components yielded the title compound as a clear liquid (1.21 g, 57% yield).

1H NMR (600 MHz, Chloroform-d) δ 3.92 – 3.77 (m, 4H, OCH2CH(CH3)2), 2.75 (dd,
3JPH = 14.7 Hz, 3JHH = 6.8 Hz, 2H, SCH2CH(CH3)2), 1.99 (nonet, 3JHH = 6.8 Hz, 2H,

OCH2CH(CH3)2), 1.90 (nonet, 3JHH = 6.8 Hz, 1H, SCH2CH(CH3)2), 1.00 (d, 3JHH =

6.8 Hz, 6H, SCH2CH(CH3)2), 0.96 (d, 3JHH = 6.8 Hz, 12H, OCH2CH(CH3)2).

31P{1H} NMR (243 MHz, Chloroform-d) δ 95.8 (s).

13C{1H} NMR (151 MHz, Chloroform-d) δ 73.8 (d, 2JCP = 7.2 Hz, OCH2CH(CH3)2),

42.1 (d, 2JCP = 4.0 Hz, SCH2CH(CH3)2), 29.4 (d, 3JCP = 5.7 Hz, SCH2CH(CH3)2), 29.0

(d, 3JCP = 8.5 Hz, OCH2CH(CH3)2), 21.9 (SCH2CH(CH3)2), 19.0 (OCH2CH(CH3)2).

HRMS (ASAP) m/z Calc. for [M+H]+ C12H28O2PS2 299.1268; Found 299.1275.

(Calc.: C, 48.30; H, 9.12. Found: C, 48.10; H, 9.03).

S,S,S-Triisobutyltetrathiophosphate

In a dried, nitrogen-flushed three-necked round bottom flask fitted with a condenser,

dry, degassed triethylamine (5.37 g, 53.1 mmol) was added to a solution of degassed

isobutyl mercaptan (4.79 g, 53.1 mmol) in dry, degassed THF (80 cm3). The resulting

solution was cooled to 0 °C before dropwise addition of a solution of PSCl3 (3.00 g, 17.7

mmol) dissolved in dry, degassed THF (50 cm3). Upon complete addition, the mixture

was allowed to warm to room temperature and stirred overnight. The white solid was

removed via filtration and volatile components removed from the filtrate in vacuo to

yield a yellow liquid. Vacuum distillation (116-120 °C / 0.005 mmHg) yielded the title

compound as a clear liquid (2.41 g, 41% yield).

1H NMR (400 MHz, Chloroform-d) δ 2.88 (dd, 3JPH = 15.3 Hz, 3JHH = 6.8 Hz, 6H,

SCH2CH(CH3)2), 2.01 (nonet, 3JHH = 6.8 Hz, 3H, SCH2CH(CH3)2), 1.03 (d, 3JHH =

6.8 Hz, 18H, SCH2CH(CH3)2).

31P{1H} NMR (162 MHz, Chloroform-d) δ 95.4 (s).

13C{1H} NMR (101 MHz, Chloroform-d) δ 43.7 (d, 2JCP = 4.2 Hz, SCH2CH(CH3)2),
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29.1 (d, 3JCP = 5.5 Hz, SCH2CH(CH3)2), 22.1 (SCH2CH(CH3)2).

HRMS (ASAP) m/z Calc. for [M+H]+ C12H28PS4 331.0812; Found 331.0814.

(Calc.: C, 43.60; H, 8.23. Found: C, 44.01; H, 8.27).

Tetrapropylammonium Diisobutyldithiophosphate

Tetrapropylammonium bromide (0.95 g, 3.57 mmol) was added to an aqueous solution

(20 cm3) of potassium diisobutyldithiophosphate (1.00 g, 3.57 mmol) and the reaction

mixture stirred for 2 hours. The solvent volume was reduced in vacuo (50 °C, water bath)

until some solid material was visible, before allowing the solution to cool slowly to room

temperature to yield colourless crystals of the title compound (1.21 g, 79% yield).

1H NMR (700 MHz, Chloroform-d) δ 3.74 (dd, 3JPH = 7.7 Hz, 3JHH = 6.7 Hz, 4H,

OCH2CH(CH3)2), 3.38 – 3.33 (m, 8H, NCH2CH2CH3), 1.93 (nonet, 3JHH = 6.7 Hz,

2H, OCH2CH(CH3)2), 1.82 – 1.74 (m, 8H, NCH2CH2CH3), 1.05 (t, 3JHH = 7.3 Hz,

12H, NCH2CH2CH3), 0.91 (d, 3JHH = 6.7 Hz, 12H, OCH2CH(CH3)2).

31P{1H} NMR (283 MHz, Chloroform-d) δ 113.0 (s)

13C{1H} NMR (176 MHz, Chloroform-d) δ 71.9 (d, 2JCP = 8.0 Hz, OCH2CH(CH3)2),

61.1 (NCH2CH2CH3), 29.2 (d, 3JCP = 8.9 Hz, OCH2CH(CH3)2), 19.5 (OCH2CH(CH3)2),

16.1 (NCH2CH2CH3), 11.1 (NCH2CH2CH3).

HRMS (ASAP) m/z Calc. for [M+H]+ C20H47N O2PS2 428.2786; Found 428.2788.

(Calc.: C, 56.17; H, 10.84; N, 3.28. Found: C, 55.58; H, 10.72, N; 3.18).

5.4.3 Thermolysis Experiments

Thermal degradation experiments were performed on 2.5 wt.% iBu ZDDP samples

in a 1:2 ZDDP-amine ratio, unless otherwise stated. Samples were formulated and

stirred at 40-50 °C for ~ 30 mins to ensure complete additive dissolution and sample

homogeneity. Approximately 0.7 cm3 of the formulated sample was placed into an NMR

tube and an initial (t = 0) 31P NMR spectrum collected (C6D6 insert spiked with PPh3 to

provide lock). The NMR sample was then heated periodically at 150 or 160 °C (sample
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fully immersed in oil bath) for the desired time interval, before being quenched in cold

water, allowed to return to room temperature and another 31P NMR spectrum collected.

This heating/NMR spectrum collection process was repeated until full degradation was

observed by 31P NMR spectroscopy.

5.4.4 MTM

The Mini Traction Machine (MTM2; PCS Instruments, Acton, UK) consists of a steel

ball loaded against the flat surface of a steel disc. The ball and disk are driven inde-

pendently to allow for any combination of rolling/sliding conditions. The steel disc is

fully submerged in the desired test fluid in a temperature-controlled reservoir. When a

test is in progress, the lateral force on the ball generated from friction is detected and

recorded, while curves of entrainment versus friction coefficient (Stribeck curves) can

be programmed to be collected as desired. Stribeck curves were acquired from high

speeds to low speeds in order to protect the formed tribofilm by avoiding its damage at

low speeds (boundary regime).

5.4.4.1 Test Specimens

Test specimens used for MTM tests were a 3/4 inch ball and a 46 mm diameter disk, both

made of AISI 52100 steel (hardness 750-700 HV) and supplied by PCS instruments. The

root-mean-square roughness of both balls and disks was 11 ± 3 nm, giving a composite

surface roughness of ~16 nm. New specimens were used for each test and were cleaned

with solvents in an ultrasonic bath before use.

5.4.5 MTM-SLIM

The principle of the Space Layer Interferometry Mapping (SLIM) is shown in Figure

5.21. A flat glass disk is surface coated with a thin, semi-reflective chromium layer, on

top of which is a ’spacer-layer’ of transparent silicon dioxide. White light is shone into

the contact, some light is reflected from the chromium layer while some passes through

the semi-reflective layer, the silicon dioxide layer and any lubricant film present on the

ball before being reflected back from the steel surface. The phase difference created
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by the different distances travelled by the two beams means upon recombination they

interfere, constructively or destructively. The result is a coloured interference image of

the contact, which is captured by a digital camera; based on the red, green and blue

colour of each pixel can be converted into a map of the path difference and hence the

film thickness separating the ball and the glass disk.

Figure 5.21: Basic principles of SLIM.

This method is applied to study ZDDP tribofilms in situ within a MTM tribometer, i.e.

outside of the contact but within the test apparatus. This is achieved by periodically

halting the motion in the MTM and capturing an interference image from the stationary

ball surface (see Fig. 5.12). The thickness directly calculated from the image gives the

thickness of the tribofilm and the silica spacer layer. The thickness of the spacer layer is

determined by capturing an optical interference image at the beginning of each test and

subsequently subtracted. Further details on the MTM-SLIM method can be found in ref.

58.

The tribofilm thicknesses were calculated from the optical interference images obtained

using the associated SLIM offline analysis software (PCS Instruments) by averaging

thickness values obtained from circular regions across the entire of the width of tribofilm

formed.
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5.4.6 SEM-EDX

After MTM-SLIM testing the MTM disk specimens were rinsed with heptane to remove

excess oil and dried in air prior to SEM imaging. SEM imaging was performed by

B. D. Rossenaar (AkzoNobel) on a Zeiss Sigma FEG-SEM equipped with an Oxford

Instruments X-Max EDX detector of 80 mm2.



Chapter 6

Alternative Synthetic Routes for the

Preparation of Zinc Dialkyl

Diselenophosphates (Se-ZDDPs)

6.1 Introduction

Earlier in this thesis, we have demonstrated the ability to monitor changes in dithio-

phosphate (DTP) binding mode that occurs as a result of amine or amine-functional

OFM coordination to the zinc atom of iBu ZDDP, using 31P NMR spectroscopy. This

method indirectly indicates a change in DTP binding mode based on a change in 31P

chemical shift. The resulting DTP binding configuration can be assigned using chemical

shift generalisations previously reported in the literature.126 Although very useful gen-

eralisations, exceptions to the chemical shift guidelines reported are only too apparent,

thus meaning an alternative, complementary spectroscopic handle or technique is highly

desirable. To gain an additional spectroscopic handle, we decided to investigate the

selenium analogues of ZDDPs, zinc dialkyl diselenophosphates (Se-ZDDP). With 77Se

being NMR active, the study of Se-ZDDPs would provide an additional spectroscopic

handle and would greatly aid in elucidating any structural changes and the binding

mode of the diselenophosphate (DSP) ligands in solution. The results and understanding

obtained from the Se-ZDDP systems could then be compared and correlated back with

the ZDDP equivalents.
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Preparation of dialkyl diselenophosphoric acids has been reported previously via the

reaction of diphosphorus pentaselenide (P2Se5) with an alcohol, in a reaction akin to

that used for the preparation of dialkyl dithiophosphoric acids used in the synthesis

of ZDDPs. The diselenophosphoric acids prepared however, were unstable and could

not be isolated, though their preparation is inferred from the isolation of the potassium

salts.178 Similarly, ammonium DSP salts have been reported more recently, that were

subsequently complexed to zinc to form Se-ZDDPs (Scheme 6.1).179
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Scheme 6.1: Synthesis of Se-ZDDPs using P2Se5.179

Solid state structures of ethyl and isopropyl Se-ZDDP derivatives have been shown to

possess polymeric and dimeric configurations, respectively, and thus match that of their

ZDDP equivalents (Fig. 6.1).
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Figure 6.1: Dimeric (R = iPr) and polymeric (R = Et) structures of Se-ZDDPs.

In addition, both Se-ZDDPs (R = iPr and Et) were shown to partake in a monomer-

dimer equilibrium in solution, something that also resembles the behaviour of ZDDPs in

solution (Scheme 6.2).179
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Scheme 6.2: Monomer-dimer equilibrium for Se-ZDDPs.179
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6.2 Preparation of Dialkyl Diselenophosphate (DSP)

Salts

In our initial attempts to make the isobutyl Se-ZDDP derivative, using the literature

methods described above, we experienced very poor conversion of P2Se5 to the resulting

diselenophosphate (DSP) salt. Furthermore, subsequent isolation/purification was diffi-

cult based on the unstable nature of these compounds. Subsequent reaction of the crude

diselenophosphate salt appeared successful based on multinuclear NMR spectroscopic

analysis, though subsequent purification attempts were again not successful. Attempts to

grind P2Se5 (synthesised by heating the required elements in the correct stoichiometric

ratio at 460 °C under static vacuum for using 24 hours) to improve conversions were

unsuccessful using a pestle and mortar, while other methods of grinding were hindered

by the air/moisture sensitivity of P2Se5, its extremely strong odour and the formation of

toxic H2Se in air. With the aforementioned problems in mind, and the general difficulties

in making and handling P2Se5, we sought an alternative method for the synthesis of DSP

salts, and subsequently Se-ZDDPs, which did not require the synthesis and subsequent

use of P2Se5.

6.2.1 Synthesis of DSP Salts via a Dialkoxyphosphine-Borane

The first alternative preparation investigated involved the initial synthesis of diiso-

butoxyphosphine-borane from diisobutyl chlorophosphite. This could be synthesised in

good yield using a modification of the procedure reported by Montchamp et al., for the

related diethoxy derivative (Scheme 6.3).180 The dialkoxyphosphine-borane adduct was

a particularly attractive intermediate as it served as an air stable, protected PIII species

that was easily accessible.

P Cl
iBuO

iBuO

P H
iBuO

iBuO
BH3

-78 °C

NaBH4

78%

Scheme 6.3: Synthesis of diisobutoxyphosphine-borane.

Once isolated, it was envisaged that borane deprotection and deprotonation using an
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amine, followed by selenation of diisobutoxyphosphine-borane, using elemental selen-

ium, should lead to the desired diselenophosphate salt, with the protonated amine serving

as the counter cation (Scheme 6.4). The amine of choice for this reaction was selected

to be pyrrolidine, based on its reported efficacy in deprotecting phosphine-borane ad-

ducts.181
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Scheme 6.4: Proposed synthesis of pyrrolidinium diisobutyldiselenophosphate.

After heating at 60 °C for 72 hours, analysis of the crude reaction mixture by 31P

NMR spectroscopy was very promising and revealed the presence of a pentet resonance

{δP 84.9, (iBuOH)} flanked by selenium satellites (JSeP = 730 Hz). From this crude

reaction mixture a clear oil could be isolated, and the 31P NMR spectrum revealed a

similar pentet resonance {δ 82.5 (CDCl3)} flanked by selenium satellites (JSeP = 720

Hz) (Fig. 6.2). The pentet resonance and JSeP coupling agrees favourably with the

two ammonium dialkyl diselenophosphate salts previously reported {δP 82 (isopropyl)

and 88 (ethyl), JSeP = 720 Hz}.182 Unfortunately however, some impurities remained,

notably a boron-containing impurity that displays a broad 31P NMR spectroscopic res-

onance {δP 154.2 (CDCl3)}, which may appear insignificant due to its broad nature, but
31P NMR integrations actually reveal it was present in approximately a 1:3 ratio with the

desired diselenophosphate salt.
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Figure 6.2: 31P[1H] NMR (162 MHz, CDCl3) spectrum of crude pyrrolidinium
diisobutyldiselenophosphate. Insets show expansions of notable resonances.

All attempts to crystallise or precipitate the diselenophosphate salt were, to our surprise,

completely unsuccessful. Failure to precipitate or crystallise the diselenophosphate salt

could be due to the impurities present, which inhibit crystallisation, or from the fact that

the product is simply an ionic liquid. Continued manipulation of the crude diselenophos-

phate oil was not desirable given its instability, and therefore was subsequently used in

its crude form.
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Scheme 6.5: Synthesis of zinc diisobutyl diselenophosphate.

With the crude diselenophosphate salt in hand, subsequent reaction with zinc sulphate

in degassed water (Scheme 6.5), yielded full conversion of the diselenophosphate salt,

as observed by 31P NMR spectroscopy (Fig. 6.3). In the displayed spectrum, a new

broad resonance can be observed {δP 64.2 (CDCl3)} that is assigned to zinc diisobutyl

diselenophosphate; a broad resonance being expected based on monomer-dimer inter-

conversion in solution (Scheme 6.2). Alongside the isobutyl Se-ZDDP resonance, an

additional resonance is apparent that arises from the boron-containing impurity, which

carried through from the crude diselenophosphate starting material. In this spectrum,
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given the broad nature of both resonances, the relative ratio of impurity to product (1:3) is

much more easily observed. Unfortunately, all attempts to remove the undesired boron-

containing impurity at this stage, or precipitate/crystallise the Se-ZDDP product, were

also unsuccessful, much like purifications attempted at earlier stages in the Se-ZDDP

synthesis.

5060708090100110120130140150160
(ppm)

Figure 6.3: 31P[1H] NMR (162 MHz, CDCl3) spectrum of crude isobutyl Se-ZDDP
contaminated with a boron-containing impurity.

The problematic boron-containing impurity is postulated to be the pyrrolidinium salt

of boranoselenophosphate [(RO)2P(Se)BH3
-], and although there is no direct analogue

reported in the literature, a sulfur derivative is known (Fig. 6.4).183
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Figure 6.4: Proposed structure of boron-containing impurity and a known sulfur
analogue reported in the literature.183

Although it might be expected that a boranoselenophosphate impurity would be suffi-

ciently water soluble to be removed during reaction workup, the organic substituents

and cation may render it sufficiently insoluble to persistent after reaction workup. Nev-

ertheless, further investigations are needed to definitively assign this impurity, one of
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which would be to selectively synthesise the boranoselenophosphate salt. This could

be achieved via reaction of diisobutoxyphosphine-borane with potassium hydride and

subsequent reaction with elemental selenium, as achieved for the related boranoseleno-

phosphinate species (Scheme 6.6).184
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Scheme 6.6: Proposed synthetic pathway for the selective preparation of boranoseleno-
phosphate salts.

Modification of the synthetic route, used in the synthesis of the diselenophosphate salt

from the borane protected dialkoxyphosphine moiety (Scheme 6.4), to a stepwise borane

deprotection-selenation procedure could potentially avoid the formation of the boron-

containing impurity altogether (Scheme 6.7). This route would also allow for the con-

venient synthesis of mixed seleno/thio compounds via sequential addition of 1 equivalent

of sulfur/selenium, followed by addition of a further equivalent of chalcogen with a

suitable base.
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Scheme 6.7: Stepwise borane deprotection-selenation route toward diselenophosphate
salts.

That said, simply the selection of an alternative amine, other than pyrrolidine, or altern-

ative alkyl substituents, that produces a diselenophosphate salt that precipitates or crys-

tallises easily could prove to be the simplest modification that allows easy purification

at the selenophosphate stage, before reacting on to give pure Se-ZDDP. Alternatively,

a cation exchange to substitute pyrrolidinium for an alternative cation, e.g. potassium,

could be performed to aid crystallisation and hence purification.

6.2.2 Synthesis of DSP Salts via a Dialkyl Triethylsilylphosphite

Taking inspiration from the syntheses of triethylammonium salts of disubstituted disel-

enophosphinates reported by O’Brien and co-workers,185 we attempted to use a sim-

ilar approach for the synthesis of disubstituted diselenophosphates (Scheme 6.8). This
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method uses excess triethylsilane and triethylamine with elemental selenium to yield the

desired diselenophosphate species. Triethylsilane is preferred to trichlorosilane as the

latter reacts to precipitate triethylammonium chloride.
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2 HSiEt3, 2 Et3N
P SiEt3
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R

Reflux, 20 h

2 Se
P

Se

Se
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2 HSiEt3, 2 Et3N
P SiEt3

RO

RO

Reflux

2 Se
P

Se

Se
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RO
HNEt3

Disubstituted Diselenophosphinates

Disubstituted Diselenophosphates

Scheme 6.8: Synthesis of dialkyl diselenophosphinates and proposed synthetic pathway
for dialkyl diselenophosphates.

After the treatment of diisobutyl chlorophosphite with 2 equivalents of triethylsilane

and triethylamine, subsequent addition of elemental selenium and heating at reflux (40

hours), 31P NMR spectroscopy of the crude reaction mixture revealed the expected

pentet resonance, flanked by selenium satellites, that can be assigned to the desired

selenophosphate salt (Fig. 6.5).
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Figure 6.5: 31P[1H] NMR (162 MHz, toluene) spectrum of the crude reaction mixture
after heating diisobutyl chlorophosphite with triethylsilane/triethylamine/selenium for
40 h at reflux. C6D6 insert used to provide lock.

Crystal growth by reducing the solvent volume and cooling to 0 °C, as achieved for the

diselenophosphinate equivalents, was in this case unsuccessful. Though after volatile

components were removed, a yellow precipitate was produced upon treatment with dry

ether. However, upon adding dry CDCl3 to obtain NMR spectra, sample decomposition

occurred and the yellow precipitate instantaneously turned red. Early reports from Kud-

chadker et al. regarding the synthesis of diselenophosphate salts had previously noted

that these species turn red upon storage, something that could arise due to separation of

red selenium.178

A problem with the alternative synthetic pathways proposed for the synthesis of disel-

enophosphate derivatives (Schemes 6.8 and 6.4), is that only the diethyl chlorophosphite

starting material is commercially available. Synthesis of dialkyl chlorophosphites using

phosphorus trichloride however has been long known (Scheme 6.9),186–188 although the

yields of these reactions can be notably low after purification by vacuum distillation.

Similarly, in our hands, we found that despite very good conversion to the desired dialkyl

chlorophosphite species observed by 31P NMR spectroscopy (Route B, Scheme 6.9),
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after purification by vacuum distillation, yields of the diisobutyl chlorophosphite were

poor and as a result hindered subsequent reaction screening due to constant need for more

starting material. We believe the poor yields obtained are as a result of re-equilibration

between mono-, di- and tri-alkoxy species during the distillation procedure, thus de-

creasing the yield of the desired chlorophosphite.
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Scheme 6.9: Synthesis of dialkyl chlorophosphites by the direct reaction of 2 equivalents
of alcohol with PCl3 (Route A) or via the formation of trialkyl phosphite and subsequent
reaction with PCl3 (Route B).

To circumvent this problem, we attempted to synthesise the desired dialkyl chloro-

phosphite starting material in situ before reacting on with triethylsilane, triethylamine

and selenium. To achieve this we reacted the commercially available diisobutyl phos-

phite with the commercially available chlorinating agent, dichlorotriphenylphosphorane

(Scheme 6.10). Similar reactions have previously been performed by Wada et al. using

tris(2,4,6-tribromophenoxy)dichlorophosphorane and showed excellent selectivity for

dialkyl chlorophosphites.189
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-Ph3P=O

Scheme 6.10: Synthesis of diselenophosphate salts via the in situ synthesis of
dialkylchlorophosphite using dichlorotriphenylphosphorane.

Upon carrying out this modified approach, 31P NMR spectroscopic analysis of the crude

reaction mixture displayed the characteristic pentet resonance {δ 85.1 (toluene)}, flanked

by selenium satellites (JSeP = 740 Hz), for the desired diselenophosphate salt as observed

previously (Fig. 6.5). The triphenylphosphine oxide side product that forms during the
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initial chlorination step (Scheme 6.10), can be selectively crystallised out and removed

by reducing the solvent volume followed by cooling, to yield a yellow/orange oil. It was

then envisaged that the diselenophosphate salt could be precipitated with dry ether, as

achieved previously, to give the required product. This however, to our surprise, was

not the case. X-Ray crystallographic analysis of the triphenylphosphine oxide isolated,

revealed that the crystals formed where actually the monohydrate. This observation

suggests that water had been unintentionally entered into the reaction and could explain

the inability to precipitate the reaction product. Subsequently it was identified that the

solvent purification facility was not functioning as required and solvents being used were

not water free as expected.

6.2.3 Attempted Synthesis of Se-ZDDPs via Direct Sulfur/Selenium

Exchange using Woollins’ Reagent (WR)

Woollins’ reagent (WR), (PhPSe2)2, is a selenium analogue of the well known Lawesson’s

reagent (LR), that has been identified as an effective selenating agent and as a useful tool

for the synthesis of heterocycles containing phosphorus-selenium moieties.190,191 (Fig.

6.6).
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Figure 6.6: Chemical structures of Lawesson’s reagent and the related Woollins’ reagent.

Now available commercially from Sigma Aldrich, we attempted to use WR to achieve

direct sulfur/selenium exchange in ZDDPs to afford the corresponding selenium-containing

ZDDP analogue (Scheme 6.11).
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Scheme 6.11: Attempted selenium/sulfur exchange reaction of iBu ZDDP with WR.
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To test the feasibility of the chalcogen exchange reaction proposed above, an NMR scale

test reaction was performed in which iBu ZDDP was combined with 2 equivalents of WR

in refluxing toluene-d8 (due to the limited solubility of WR most synthetic procedures

are carried out in refluxing toluene). The resulting 31P NMR spectra, collected period-

ically after timed heating intervals, revealed extremely complex, intractable mixtures of

phosphorus-containing products. Based on the observed complexity of the 31P NMR

spectra collected, this route was judged to be unfeasible and no further investigations

were undertaken.

6.3 Conclusions

In this chapter alternative methods for the synthesis of dialkyl diselenophosphate salts,

toward the easier synthesis of zinc dialkyl diselenophosphates, have been explored.

Two promising alternative syntheses have been identified, one via a dialkoxy phosphine

borane adduct and another via a dialkyl triethylsilylphosphite species. Both methods

show promise in terms of a more convenient synthesis of diselenophosphate salts, over

the conventional P2Se5 route, though purification remained problematic in both cases and

further optimisation of both methods is required. The lack of commercial availability of

the required dialkyl chlorophosphite starting materials can be addressed by their in situ

synthesis from dialkyl phosphites using dichlorotriphenylphosphorane. Attempted direct

sulfur/selenium exchange by reaction of iBu ZDDP with Woollins’ reagent yielded an

extremely complex mixture of phosphorus-containing products and proved unsuccessful.

6.4 Experimental

6.4.1 General Considerations

Unless otherwise stated, all manipulations were performed under an atmosphere of dry

nitrogen using standard Schlenk line techniques with oven dried glassware. Solvent puri-

fication and compound characterisation was performed as detailed in Chapter 3. CDCl3

was dried over P2O5 and subsequently distilled and degassed. Toluene-d8 was dried

over CaH2prior to distillation and degassing. iBuOH was dried over NaBH4 at reflux
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and subsequently distilled and degassed. Diisobutyl chlorophosphite was synthesised

using the method of Cook et al. with slight modifications and the purity assessed by 31P

and 1H NMR spectroscopies.186 All other chemicals were purchased from commercial

suppliers and degassed before use.

6.4.2 Synthetic Procedures

Diisobutoxyphosphine-Borane

A stirred solution of NaBH4 (0.32 g, 8.46 mmol) in THF (20 cm3) was cooled to -78

°C three-necked round bottom flask. Diisobutyl chlorophosphite (1.00 g, 4.70 mmol)

was added in a single portion, the mixture was stirred for 10 minutes, allowed to warm

to room temperature, and then stirred for a further 3 hours. The reaction mixture was

poured directly onto a mixture of conc. HCl (3 cm3) and ice (20 g), extracted with ethyl

acetate (3 × 15 cm3). The combined organic layers were dried (MgSO4), filtered and

volatile components removed in vacuo from the filtrate to yield a mixture of a clear oil

and white solid. An aliquot of DCM was added before filtration (celite) and the resulting

solution was concentrated in vacuo to yield the title compound as a clear oil (0.70 g,

78% yield).

1H NMR (400 MHz, Chloroform-d) δ 6.98 (d, 1H, 1JHP = 444.3 Hz, PH), 3.91 – 3.68

(m, 4H, OCH2CH(CH3)2), 1.95 (nonet, 2H, 3JHH = 6.7 Hz, OCH2CH(CH3)2), 0.95 (d,

12H, 3JHH = 6.7 Hz, OCH2CH(CH3)2), 0.55 (br. qd, 3H, 1JHB = 96.2 Hz, 2JHP = 13.5

Hz, BH3)*.

31P{1H} NMR (162 MHz, Chloroform-d) δ 129.1 (q, 1JPB = 75 Hz).

13C{1H} NMR (101 MHz, Chloroform-d) δ 75.3 (d, 2JCP = 7.8 Hz, OCH2CH(CH3)2),

29.5 (d, 3JCP = 5.6 Hz, OCH2CH(CH3)2), 18.8 (s, OCH2CH(CH3)2).

11B {1H} NMR (Chloroform-d, 128 MHz): δ -41.8 (d, 1JBP = 75 Hz).

HRMS (ASAP) m/z Calc. for [M-H]- C8H21BO2P: 190.1409. Found: 190.1397.

* Peak partially masked by doublet at δ = 0.95 ppm
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Pyrrolidinium Diisobutyldiselenphosphate

A Schlenk flask was charged with elemental selenium (0.27 g, 3.44 mmol) and evacuated

with vacuum and nitrogen cycles. Subsequently, iBuOH (50 cm3) and then pyrrolidine

(0.27 g, 3.78 mmol) were added and the mixture heated at 60 °C for 40 hours to give a

red solution. Volatile components were removed in vacuo to give a red solid and clear

oil. The clear oil was extracted with ether (3 × 10 cm3) and after volatile components

were removed in vacuo, crude pyrrolidinium diselenophosphate was obtained as a clear

oil. All attempts to precipitate or crystallise the desired product, to enable further

purification, were unsuccessful and so characterisation beyond 31P NMR spectroscopy

was not performed.

31P{1H} NMR (162 MHz, Chloroform-d) δ 82.5 (s, 1JSeP = 720 Hz).

Zinc Diisobutyl Diselenophosphate

Method A – Synthesis from Crude Pyrrolidinium Diisobutyldielenophosphate

ZnSO4·7H2O (0.13 g , 0.45 mmol) dissolved in degassed water (20 cm3) was transferred

via cannula to a flask containing crude pyrrolidinium diisobutyldiselenophosphate (0.35

g, 0.86 mmol) and the mixture stirred for 2 hours. A waxy white precipitate formed that

was isolated by filtration and dried in vacuo overnight. All attempts to recrystallise

and purify the product were unsuccessful and so characterisation beyond 31P NMR

spectroscopy was not performed.

31P{1H} NMR (162 MHz, Chloroform-d) δ 64.2 (br. s).

Method B – Attempted Sulfur/Selenium Exchange using Woollins’ Reagent

A J. Young’s NMR tube was charged with iBu ZDDP (10.3 mg, 0.018 mmol), Woollins’

reagent (20.0 mg, 0.038 mmol) and purged with vacuum and nitrogen cycles. Dry

toluene-d8 (0.7 cm3) was subsequently added before the mixture was heated at 110

°C. 31P NMR spectra were collected periodically over the period of 4 days, revealing

the formation of an intractable mixture of phosphorus-containing products and thus no

product was isolated for further analysis.
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Triethylammonium Diisobutyldiselenophosphate

Method A – Synthesis from Diisobutyl Chlorophosphite

Diisobutyl chlorophosphite (0.8 g, 3.76 mmol) and triethylsilane (0.87 g, 7.52 mmol)

were dissolved in toluene (35 cm3) followed by the addition of triethylamine (0.76 g,

7.52 mmol). The mixture was stirred at room temperature overnight forming a white

precipitate. Grey selenium (0.59 g, 7.52 mmol) was added and the solution heated at

reflux for 40 hours. Volatile components were removed in vacuo to yield an orange

oil. A yellow solid was precipitated with ether (20 cm3) and subsequently isolated by

filtration. Addition of CDCl3 caused immediate sample decomposition and the yellow

solid turned red. Based on the obvious decomposition no further analysis was performed.

Method B – Synthesis from Diisobutyl Phosphite

To a slurry of dichlorotriphenylphosphorane (3.22 g, 9.65 mmol) in toluene (35 cm3),

triethylamine (10 cm3) followed by diisobutyl phosphite (1.25 g, 6.44 mmol) were added

and the reaction mixture stirred for 2 hours. After 2 hours, triethylsilane (1.50 g, 12.9

mmol) was added and the reaction mixture stirred for a further 1 hour. Grey selenium

(1.27 g, 16.1 mmol) was then added and the mixture heated at reflux for 60 hours.

The resulting yellow solution was filtered via cannula, before the solvent volume was

reduced and the solution placed in the fridge overnight. Triphenylphosphine oxide

monohydrate crystallised from solution and was removed by filtration to yield crude

triethylammonium diisobutyldiselenophosphate as a yellow oil. Attempts to precipitate

the reaction product were unsuccessful, something believed to be inhibited by residual

water.



Chapter 7

Summary and Outlook

7.1 Introduction

This chapter seeks to draw the preceding chapters’ work together, to highlight key areas

of overlap and assess the extent to which the thesis aims (Section 2.2) have been met.

Initially an overview of the key findings obtained in each chapter will be outlined before

more generalised conclusions are drawn from the results as a whole. Particular emphasis

is given to the potential impact in automotive lubrication. Finally, possible areas for

future research are suggested and discussed.

7.2 Thesis Summary and Key Findings

This thesis aimed to provide a fundamental understanding of any solution interactions,

and the consequences thereof, between ZDDPs and friction modifier (FM) additives,

with a particular focus on organic friction modifiers (OFMs) bearing an amine func-

tionality. This understanding is necessitated by ever-stringent legislation imposed on

automotive lubricant formulators that demands greater fuel economy, lower emissions

and extended drain intervals. To achieve these aims, the solution-phase interactions, and

resulting coordination-, thermo- and tribo-chemistry of single-component ZDDP/OFMs

formulations were studied. Alongside the commercial amine-based OFMs, several model

amine alternatives were investigated, where applicable, to aid chemical understanding

and provide grounding for subsequent discussions regarding commercial OFMs.
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Chapter 3 initially investigated ZDDP-amine interactions more generally, and repor-

ted the interaction between ZDDP and several substituted pyridine derivatives, with

the pyridine moiety serving as an easily tuneable amine scaffold. In these studies it

was identified that complexation occurred via a zinc-nitrogen interaction, where greater

steric demands (%Vbur) and attenuated Lewis basicity (pKaH) reduced the propensity

for complex formation in solution, something that was quantified by obtaining binding

constants (Ka) from 31P NMR spectroscopic NMR data. Meanwhile, complexation is

accompanied by a significant change in the coordination behaviour of the associated

dithiophosphate (DTP) ligands; a change that could be monitored and assigned using

Raman spectroscopy.

Building on the understanding gained in Chapter 3 regarding the ZDDP-Py’ systems

investigated, Chapter 4 subsequently identified ZDDPs interact with OFMs in a similar

manner (via a nitrogen-zinc reaction pathway accompanied by a change in DTP binding

mode). X-Ray crystallographic analysis of the first isolated ZDDP-OFM complex, un-

equivocally confirmed the zinc-nitrogen interaction and provided a structure to validate

the use of Raman spectroscopy as a diagnostic tool in determining DTP binding mode in

ZDDP-OFM complexes relevant to engine oil formulations (Fig. 7.1).
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Figure 7.1: Relative intensity of the Raman band at ~660 cm-1 as a function of DTP
binding mode.

The method was subsequently extended to encompass the assignment of anionic DTP

ligands, when applied in combination with previously-established 31P NMR spectro-

scopic generalisations. The application of both techniques should aid the unambiguous

assignment of DTP binding modes in any zinc-DTP complex where crystal structure data

is not attainable/available.
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The propensity of ZDDP-OFM complex formation (for monodentate amines) was demon-

strated to be strongly dependent on the steric demands of the complexing amine (as found

for the related Py’ systems), following the substitution trend, 1° > 2° > 3°. Multi-donor

amines/OFMs were shown to interact more strongly than their monodentate equivalents,

where both diamine and ethoxylated OFMs (at commercially relevant loadings) were

shown to effectively sequester the zinc atoms of ZDDP and produce anionic DTP ligands

(though via subtly different pathways).

The thermal stability of selected ZDDP-OFM systems were then studied in Chapter 5,

were it was found that the presence of amines/amine-functional OFMs enhance the rate

of ZDDP thermal degradation. The extent of this rate enhancement could be directly

related to the assigned DTP binding modes and was rationalised based on the relative

nucleophilicity/basicity of the ascribed DTP ligands (Fig. 7.2).
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Figure 7.2: Relationship observed between the strength of ZDDP-amine interaction,
the resulting DTP binding mode and the thermal stability observed for ZDDP-amine
systems.

The tribological performance, assessed by MTM-SLIM testing, demonstrated that amine

structure is key in dictating tribofilm formation and the associated friction in the tri-

bocontact. Decreased steric demands for monodentate amine-based OFMs corresponds

to lower friction values, but also cause severely inhibited ZDDP tribofilm growth in spite

of the lower thermal stability previously observed for such ZDDP-OFM systems. Sim-

ilarly, for the ZDDP-ethoxylated OFM system investigated, complete ZDDP-tribofilm

inhibition was observed and rationalised based on the ability of the multi-donor OFM

to sequester zinc cations extremely effectively. In this case, an OFM-based tribofilm
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was observed however (identified by SEM-EDX analysis), and therefore highlights the

need for detailed tribofilm analysis when studying more complex ZDDP formulations.

An important question that arises from these results is whether the reduction in ZDDP-

tribofilm thicknesses observed, and the formation of an OFM-based tribofilm, rather than

a ZDDP-based film, is detrimental to antiwear properties.

Overall, a key result obtained from Chapter 5 is that lower thermal stability of ZDDP-

OFM systems does not correlate to faster ZDDP-tribofilm formation, the latter being

a variable that is often related to antiwear performance. This is in stark contrast to

that known for ZDDPs when studied in isolation, where the relationship between lower

thermal stability and faster tribofilm formation (and hence quicker antiwear protection)

has been long known. Rather than thermal stability dictating the rate of tribofilm form-

ation for ZDDP-OFM formulations (and presumably fully formulated engine oils), it is

apparent that the propensity of an OFM to sequester network-forming zinc cations, to

adsorb to and block surface sites, and to reduce friction (and hence shear stress), dictates

tribofilm formation and properties.

Together, the results in this thesis identify and demonstrate the importance of under-

standing how key additives in engine lubricant formulations interact in solution. A small

change in the nature of the complexing OFM has been shown to have a drastic impact on

the solution behaviour in ZDDP-OFM systems, something that subsequently affects their

thermal and tribological performance. Some relationships between OFM structure and

the strength and nature of ZDDP-OFM interactions have been identified and discussed,

a knowledge of which could help in selecting or designing future additive combinations.

In addition, reliable methods for studying the solution interactions between ZDDPs and

lubricant additives more generally have been outlined, alongside the development of a

Raman spectroscopic method for reliably assigning changes in DTP binding modes.
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7.3 Outlook and Future Work

7.3.1 Extension of the Raman Spectroscopic Method Developed for

Identifying DTP Binding Modes

In Chapter 3 and subsequently Chapter 4 the use of Raman spectroscopy as a diagnostic

tool for assigning DTP binding modes has been highlighted. Although currently this

analysis is qualitative in nature, future work will seek to correlate the relative intensity of

ν (PS2)asym/ν (P=S) vibrations to the binding mode for compounds of known structure,

to provide quantitative guidelines akin to that previously performed using 31P NMR

spectroscopy. Naturally, this process will be significantly aided by the isolation and

characterisation of a bigger library of ZDDP-amine complexes possessing variable DTP

binding modes. In the same vein, although not explored in this thesis, there is potential

scope to expand the diagnostic method for use with any DTP-containing species or

complex.

7.3.2 Further MTM-SLIM Testing

In the current study only a selection of representative ZDDP-amine systems were studied

using the MTM-SLIM method. Several experiments would greatly aid overall under-

standing and in rationalising and confirming the trends observed in this thesis:

1. MTM-SLIM tests of OFMs in isolation - this would demonstrate which OFMs

potentially have the ability to form relatively thick tribofilms in the absence of

ZDDP.

2. Modify test parameters such as load and test duration to determine if tribofilm

formation is just slowed or is inhibited indefinitely for certain ZDDP-OFM sys-

tems.

3. Sequential MTM-SLIM experiments that involve:

(a) the formation of a ZDDP tribofilm in a ZDDP-containing oil
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(b) replacement of the ZDDP-containing oil with an OFM-containing lubricant

(with or without ZDDP)

These tests would help to elucidate the influence of OFMs on ZDDP tribofilm

removal and properties. Surface analysis before and after any OFM-induced tri-

bofilm removal could be also applied to confirm the species/elements removed

from the ZDDP tribofilm, as well as what remains.

4. Variation of lubricant parameters, i.e. absolute ZDDP and OFM concentrations, as

well as the ZDDP:OFM ratio.

7.3.3 Wear Evaluation

One aspect of tribological performance not investigated for the ZDDP-OFM formula-

tions studied in this thesis is wear (see Section 1.1.3). While from the tribofilm thickness

and elemental composition results determined in Chapter 5, an important question that

arises is whether the reduced tribofilm thicknesses and significantly different tribofilm

compositions observed are detrimental to the wear protection observed in ZDDP-OFM

systems.

Wear measurements could be performed using the known MTM reciprocating and/or

the high frequency reciprocating rig (HFRR) test methods previously used in the liter-

ature,73,119 both of which involve reciprocating motions that localise the resulting wear,

thus make it easier to measure (Fig. 7.3). Subsequent surface analysis (scanning white

light interferometry (SWLI) and AFM) of the rubbing surface and the wear track enables

the quantification of wear volumes.
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Figure 7.3: HFRR test schematic and typical HFRR ball wear scar. Adapted from ref.
192.

7.3.4 Other Alkyl ZDDPs

In this thesis, the entirety of the research presented has been focussed on the interaction

of the single-component zinc diisobutyl dithiophosphate (iBu ZDDP). iBu ZDDP is a

branched primary ZDDP of moderate alkyl chain length. The use of a single-component

ZDDP in this thesis facilitated the detailed solution- and solid-state characterisations

performed, which ultimately lead to a molecular level understanding of the nature and

consequences of ZDDP-OFM interactions to be attained. However, other ZDDP alkyl

chain types and lengths are also of commercial importance for engine lubricant formula-

tions, particularly other 1°/2° ZDDPs and longer alkyl chain lengths. In addition to their

effect on thermal stability (and subsequently antiwear effectiveness) when ZDDPs are

studied in isolation, the nature of the DTP-bound organic substituents in ZDDPs have

previously been reported to affect molecular structure in ZDDP-amine complexes. For

example, in ZDDP-dipyridyl systems, the steric demands of the ZDDP organic substitu-

ents contribute to the degree of aggregation in the resulting ZDDP-amine species.127–129
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Future work would therefore seek to investigate alternative, single-component ZDDPs,

i.e. n-butyl, sec-butyl and 2-ethylhexyl (Fig. 7.4), in combination with amine-based

OFMs using similar methods to that outlined in this thesis.
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Figure 7.4: Chemical structures of other alkyl ZDDPs of commercial interest.

The synthesis of a range of single-component ZDDPs with different alkyl architectures,

would also aid in determining if it is the alkyl groups ability to transmit shear to the rest

of the molecule that contributes to the rate of ZDDP tribofilm formation.57

7.3.5 Final Comments

While the work in this thesis has focussed predominantly on binary ZDDP-OFM systems

in mineral oil, it is realised that engine oil additive packages and subsequent lubricant

formulations are much more complex. Even so, there is a fundamental need to fill the

knowledge gap regarding additive-additive interactions in simple binary additive systems

relevant to engine lubricant formulations. This would begin to enable the selection

and design of optimal/synergistic additive combinations, to which, additional compon-

ents/complexities can be progressively added to move closer to a fully formulated engine

lubricant formulation.
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