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Candidates Statement

The aim of this work was to assess and develop methodology for the use of nonaqueous
capillary electrophoresis with ultraviolet and mass spectrometry detection for the
lubrication industry. Methods were developed for two additives, zinc
dialkyldithiophosphates and alkylsalicylates. These methods were then applied to the
analysis of formulated lubricant products with success.

The work detailed in this thesis was carried out by the author at the School of Science
and Mathematics, between October 1999 and October 2002, contributions made by
third parties for work in chapter 8 has been acknowledged. Work displayed in this

thesis is original except where acknowledged by reference.

John Eric Smith
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Abstract

Capillary electrophoresis (CE) has proved to be a very efficient separation method in
aqueous media. This work reports developments in nonaqueous capillary electrophoresis
(NACE) for samples from the lubricants industry.

Two commonly used additives in lubricants, zinc dialkyldithiophosphate and the metallic
detergent alkylsalicylate, were analysed. Method development included selection of
solvent, pH*, and electrolyte type and concentration.

Improvements in the separation were obtained by altering the injection conditions and the
electric field strength. Hexadimethrine bromide (HDB) was shown to be essential in
controlling the electroosmotic flow (EOF), and its concentration was optimised. Best
separation was seen when analyte dilution prior to injection was carried out with
methanol, resulting in sample stacking.

Analysis of ZDDPs showed that separation occurred through migration of free
dithiophosphate ions. Calcium alkylsalicylate showed similar results where the free
alkylsalicylate ions migrated. Identification was achieved through peak patterns and
relative migration times.

Adequate separation conditions were identified and then coupling of NACE to mass
spectrometry was attempted. Direct infusion MS was first utilised with great success in
identification of the two additives. Using a solution of methanol and ammonium acetate
it was possible to identify free dithiophosphate ions from the ZDDP and free
alkylsalicylate ions from magnesium alkylsalicylates. Only the molecular ions were
obtained in all instances making identification easier.

NACE-MS was carried out successfully; however, sample dilution and adequate
interfacing were problematic.

Analysis of formulated lubricating oil was performed by NACE, NACE-MS and MS.
Degradation products were identified for ZDDPs, where sulphur atoms were replaced
with oxygen leading to the formation of phosphates.

NACE has been shown to be a technique of potential for the analysis of lubricant
additives, and in combination with mass spectrometry it could be very powerful.
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Chapter 1

Introduction to Lubrication and Additives
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1.0 Friction

When two surfaces are in contact and in opposing motion friction is produced. Friction
opposes motion regardless of the material, shape or size of the surfaces in contact.
Friction is caused by molecular attraction between two surfaces, interlocking of
opposing surface irregularities (asperities, figure 1) and surface waviness. The friction
generated between two surfaces in contact depends on the type of friction, pressure
applied, nature and condition of the surfaces. The amount of friction present in a
system can be seen in the amount of heat generated, rate of wear and the power to

maintain motion.

Figure 1.0 A graphic representation of two surfaces in contact showing the
unevenness seen on even the smoothest surface.

1.1 Wear
The consequence of friction is wear, wear is essentially the diminishing surface area at
a rate that is partly comparable to the amount friction present. However, wear is
complicated and a combination of mechanisms may be present, being:

o Adhesive (friction)

e Abrasive (friction)

e Corrosive

o Fatigue
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o Fretting

1.2 Lubrication
Lubrication is the science of reducing friction to a minimum, it is used to essentially
separate the two surfaces that are in contact. There are various materials used for this

purpose and are shown in table 1 below:

Material Use

Liquids (oil) Engines

Semi liquids

Gear boxes
(greases)
Solids Brake pads
Gases Dentists drills

Table 1.0 Shows the different materials used for lubrication and one use.

There are three main types of lubrication in the reduction of friction: being boundary,

fluid and mixed.

1.2.1 Boundary lubrication

A protective layer is formed by chemical and physical reactions between the sﬁrface
and the surrounding lubricant, additives or atmosphere (figure 1.1). Fatty acids form
the boundary lubricants, via the formation of a single monolayer of soap. ’This
monolayer is also seen with other long chain hydrocarbon molecules. Boundary

lubrication is essential during the starting and stopping of machines.
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1.2.4 Sources of Lubricating Oil

Lubrication is used to prevent friction and wear of two rubbing surfaces, a typical
example is the internal combustion engine. The application and use of lubrication is
seen in history, and in nature. Prior to the 19" century and the industrial revolution a
commonly used lubricant was animal fat. The growth of the petroleum industry
brought about a new source of lubricant stock, crude oil. Modern times have seen the
introduction of synthetic lubricants; however, the majority are still petroleum products
derived from crude oil. Crude oil fields are found world wide (see table 1.1), where

Saudi Arabia has the largest oil reserves in the world as well as the largest oil field in

the Al-Ghawar.
Region Cumulative Reserves*
Production*
North America 202 106
South America 74 93
Western Europe 23 19
Eastern Europe 113 104
Central Asia & 16 24
Transcaucasia
Middle East 194 666
Africa 57 32
Oceania and Asia 45 45
TOTAL 724 1,119

Table 1.1 Shows the regions of oil production (*billions of barrels).

Crude oil has, as its major constituents, carbon (84%) and hydrogen (14%), with other
components that include sulphur (1-3%), nitrogen (<1%) and oxygen (<1%); metallic
elements (<1%), salts (1%) and decay-resistant organic remains such as siliceous
skeletal fragments, wood and spores among others. The hydrocarbon content of crude
oil can be grouped into basic chemical series. The paraffinic series consists of

saturated straight and branched chain hydrocarbons (C,Hzn+2). The naphthenic series
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further processed or cleaned to further remove any unwanted contaminants such as

some aromatics, asphalt and naphthenic acid that would otherwise reduce thermal and
oxidative stability as well as any wax that would cause the lubricant to solidify at low
temperatures. The clean-up processes could incorporate the use of acid treatment
followed by a caustic wash, which is then followed by filtration. The removal of wax
may be carried out by refrigeration. More recently, solvents and solvent mixtures have

been used to clean up lubricant base stock.

An alternate method for refining crude oil is hydrocracking; the crude oil is treated with
hydrogen to break up many of the molecules. This method removes very long

molecules and reduces the wax content of the subsequent lubricating base stock.

Synthetic base stock is manufactured chemically to possess superior viscosity
characteristics at low temperatures as well as improved thermal and oxidative stability.
The advantage of using synthetic base stocks is that they can be manufactured to meet

specific thermal or physical requirements.

Once the lubricant base stock has been cleaned up, it undergoes blending. Blending
mixes various types of refined lubricant base oils with various viscosities and in various
proportions, with performance additives to make up a finished lubricant. The blending
process ensures that the highest quality and performance lubricant is manufactured. A
typical lubricant oil is composed of several different lubricant base oils, these being
mineral or synthetic plus several performance additives each contributing a

characteristic to the final product.
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1.3 Additives

The hydrocarbon base oil is exposed to very harsh conditions. These are high shear
stress, high temperatures and chemical attack by fuel combustion products or ‘blow-by’
gases. Oxidation of hydrocarbon oil produces corrosive products, which result in fine
particles being present in the oil. Particles agglomerate or become deposited on the
internal surfaces of combustion engines. The agglomerated particles settle into the
crankcase, as tar-like deposits, slimy sludge or granules, from where they can then be
re-cycled through the engine.

On re-cycling through the engine, oxidation products can be deposited on pistons where
a hard material that resembles varnish develops. Also formed are carbonaceous
deposits with soot-like appearance that can be deposited on the internal surfaces of an
engine impacting on efficiency. The presence of water in the cooler engine parts
increases oxidation and produces acids of carboxylic and mineral (sulphuric, nitric and
hydrochloric) types. To this end and for improvement of lubricant performance and
longevity, lubricant additives are utilised. It is easy to remember that oxidation

converts a clean efficient engine into a dirty inefficient engine.

A wide range of additives are available for use within a lubricant; however, not all are
used at any one time and the additives chosen are tailored for the role the lubricant has

to play. The table below shows the different types of additives available.
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Additive type
Anti-oxidant Anti-spalling Radiation Anti-foaming | Fungicide
protection agents
material
Anti-stick slip Anti-wear Bactericide Wetting Demulsifiers
friction modifier agents
Detergents Ashless Thickening agent | Running-in Emulsifiers
dispersants improver
Extreme pressure | Colour dyes Film strength Flow Tackiness
improvers
Coupling agents Friction Viscosity index Anti-rust Anti-
modifier improver corrosion
Pour point Seal Anti-friction Anti-oxidants Anti-rust
depression expanders

Table 1.2 Some of the types of additives available for lubricant products.

Although the table shows a wide range of additives, most of the compounds used can

carry out more than one job.

To illustrate the use of these additives, the table below shows some specific equipment

and the additives used in lubricating oil, the additive packages used making up some 15

to 20% of the lubricant.




John E Smith

Equipment

Additives used

Petrol engine

Anti-oxidant, corrosion inhibitor, viscosity
index improver, detergent/dispersant, anti-

wear.

Diesel engine

Anti-oxidant, inhibitor,

detergent/dispersant, anti-wear, anti-foam,

corrosion

basic additive (neutralise acid)

Steam turbines, compressors

Anti-oxidant, corrosion inhibitor, anti-

emulsifier.

Table 1.3 The different additive packages used in different equipment.

The work described in this thesis is focused on an anti-wear additive and a detergent

additive used in diesel and petrol engines, these being zinc dialkyldithiophosphates and

alky! salicylates, respectively.

1.4 Zinc dialkyldithiophosphates (ZDDPs)

1.4.1 Synthesis of ZDDPs

4 ROH + PS. —
Alcohol Phosphorus
Pentasulphide
S
2 RO\lIl—SH + ZnO
/
RO Zinc
Oxide

S
RO
2 \L—SH + SH2
RO/
Thiophosphoric
acid

S

S
RO, 1/j \/OR
RO/ \S-—Zl———S/ \OR
Zinc
Dithiophosphate

Figure 1.5 The synthesis route of ZDDPs as commonly used in industry.
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1.4.2 How zinc dialkyldithiophosphates work

Zinc dialkyldithiophosphates (ZDDPs) are a family of compounds used within the
lubrication industry for their anti-wear and anti-oxidant properties.

Under the severe conditions seen within an internal combustion engine blowby gases
and oil contain many metal reactive species. These are seen as mineral acids as well as
oxygen, water, peroxy radicals and hydroperoxides' among many others, which all lead
to severe engine wear if not kept under control. As well as the aforesaid effects the
friction between two surfaces is another factor that has to be eliminated to prevent
wear. ZDDPs are compounds that can play an essential role containing and eliminating
both chemical and mechanical forces that result in wear and catastrophic engine failure.
The action of ZDDP is very complex and as of yet is not fully understood.

Roberts ef al. (1997)* investigated the three structures that ZDDP can be found in for
stability. The three structures were classed as neutral (Zn[PS, (OR)],), dimeric
(Zny[PS; (OR)2]4) and basic (Zns[PS; (OR),]¢ O). They concluded that the basic
structure was most stable, this stability results in slower reaction rates and as such
longer times are required for producing anti-wear films and its antioxidant properties.

In 1967 Dickert Jr and Rowe® studied the thermal decomposition of a ZDDP; at 155°C
a glass like insoluble solid was formed that was difficult to characterise. The vapours
given off were propylene, a mercaptan and hydrogen sulphide. The reactions followed
an induction period where little reactivity occurred; this induction could be shortened
by the addition of an acid leading to suggestions that there was an autocatalytic
character to the decomposition of ZDDP. The decomposition of hydroperoxides by
ZDDP was also studied, ZDDP decomposed hydroperoxide forming the basic ZDDP
(anti-oxidant properties), dithiophosphate and alcohol. Thiophosphoric acid ((RO)»

PS,H ~pKa 1)* a ZDDP decomposition product decomposes hydroperoxides forming

11
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dithiophosphate, alcohol and water. The thiophosphoric acid is in turn produced by the

decompositon of ZDDP by water. In essence ZDDP is decomposed by three general
methods thermal, hydrolytic and oxidation. All take part and have a role to play in

recycling products used in different pathways. Bancroft et al.>®

showed by x-ray
absorption near edge spectrometry (XANES) that a precipitate formed on a metal
surface from heating a ZDDP oil solution consisted of a long chain polyphosphate
structure. These types of islands are glass like in appearance and likely to be
polyphosphate aggregates that form via thermo-oxidative decomposition of ZDDP. It
is thought that an oxide layer is first formed on the metal surface, 20nm thick,
thereafter an inorganic polyphosphate layer approximately 40nm thick followed by an
alkyl phosphate precipitate layer. Papay (1998) states that ZDDP adsorbs to the metal
oxide layer, the more polar the molecule and the longer the alkyl chain the greater the

adsorption. Greater adsorption means a greater build up of anti-wear additive, the

polyphosphate mixture of the anti-wear film is polymer like, along the lines of:

o
O

=0

o
=)
@
=

SR

o
e}
o

Figure 1.6 The suggested structure of a polyphosphate chain.
This is similar to a ZDDP thermal decomposition product described by Woo and
Mosey (2003)® in a mechanism for the elimination of olefins and sulphide (seen in
work carried out by Dickert and Rowe®). However, Woo and Mosey did not take into

account the conditions within a combustion engine.

12
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Figure 1.7 Showing the suggested thermal decomposition of ZDDP by Woo and

Mosey.

ZDDP degradation was monitored by P-31 nuclear magnetic resonance spectroscopy’.

It was determined that the major degradation products were dithiophosphates (S=P-S),

thiophosphates (S=P-O and O=P-S), thiophosphoric salts (S=P-0); further oxidation of

thiophosphates saw the production of phosphates (O=P-O). Unlike Roberts ef al.” this

study showed that, under combustion engine testing, the basic ZDDP degraded more

easily than the neutral ZDDP and its anti-oxidant

very much temperature dependant.

13
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For the production of anti-wear films it is necessary for the ZDDP to be degraded, as

the active compounds for these films are phosphates, thiophosphates and
thiophosphoric acids. At low temperatures a physisorbed film is formed, while at

d”'°. However at the

higher temperatures a more stable chemisorbed film is observe
higher temperatures oxidation of ZDDP is greater and therefore the reserve of precursor
is consumed.

The presence of other additives such as metallic detergents and dispersants further
complicates the reactions of ZDDP as they are known to interact within the bulk of the

oil. These interactions and their results on reactions have not yet been fully established.

However, Rounds'' suggested two possible routes for the formation of thiophosphoric

acid:
R—0 S Zn'/? R—0 S Zn'/? R—O S Zn'/2
\/ \/ \/
/S /o / ..
R—0 R—s§ s\ o
/ M—c_
| Ny
1/2 H
R~—0 s Zn
N oV gt
/ o /
R——§ 2HC =—C —=R"' +
N\ H /\OH
H S
Qlefin
l Seen by Dickert and l
3
R—0 /s Zn'/? Rowe R o S 2o
— n
HP —' \/ .
\O P + H
Mercaptan Z \0.
A S
B 172
7n'2 /n
n\T ;
R—O §—7n'? R——0 S—7n
\ / N \P/ + g+ ——>™  RO—P—O—P—0OR
P~ 7 o (I)I |s|
A B Pyrophosphate

Figure 1.8 Suggested mechanism for the formation of thiophosporic acid and

pyrophosphate
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The formation of the pyrophosphate works in an antagonistic way for the formation of

an anti wear film. Rounds says this is because of the loss of the acid phosphate;
however if the formation of the layer is quicker than pyrophosphate formation, the
effect is negligible. The incorporation of other additives within the lubricant package
can have one or two effects on the formation of an anti-wear layer. These additives

include metallic detergents and dispersants. Their interactions’ *'%!1415.16

complicate
matters somewhat with regard to ZDDP anti-wear films as interactions occur in the
bulk oil. Interactions can be antagonistic, where it is detrimental to film formation, or
synergistic where film formation is improved. With use of a dispersant (amine present
in the structure), the amine reacts with the pyrophosphate to form an amidophosphate
and an acid phosphate (see below). Rounds'' does iterate that the proposed reactions
are no proof that they actually occur, but proposes it as a mechanism for formation of
an anti-wear film by the formation of an acid phosphate decomposition product. A

second explanation is molecular adsorption of ZDDP rather than additive

decomposition being a critical step, with oxidation occurring in situ.

122 7nl2 172
an\s S/n n \S S/Zn
RO J* 0 r'|= OR + RINH,—— RO—P—NHR?+ RO——OH

. |

Amidophosphate ~ Acid phosphate
Figure 1.9 The formation of acid phosphate from pyrophosphate.

Beechi e al. (2001)"", using gas chromatography mass spectrometry with electron
capture and electron ionisation, showed some similarities to the decomposition
products suggested by Rounds. It was demonstrated that ions are formed which
correspond to the loss of an R group that is then replaced forming a hydroxyl group.
Further complications are seen within diesel engines, where soot is known to interact
18,19

with the ZDDP products removing it from the additive package

15
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Similarities are seen in work carried out in respect to the understanding of ZDDP

decomposition and its ability to act as an anti-wear agent and anti-oxidant agent.
However, a lot of work is required to complete the picture as very little work has taken

into account the environment of the combustion engine.

1.4.3 Identification of zinc dialkyldithiophosphates

The separation and identification of ZDDPs has given problems over the years.

Killer et al.(1966)*° reported the successful separation of ZDDPs by thin layer
chromatography using silica plates and a solvent system consisting of n-heptane and
acetic acid. The identification of the colourless complexes was carried out using fresh
dithizone in chloroform (1g I""), which reacts with zinc to produce a pink product. A
nickel solution (2g I'") in water was used to detemine the presence of dithiophosphate
groups as yellow spots.

More recently other separation techniques have been utilised. Cardwell et al.(1996)*!
reported the use of normal phase liquid chromatography for the satisfactory separation
of ZDDPs using two eluents, isopropylamine-acetic acid-methanol in dichloromethane
‘A’ and isopropylamine-acetic acid-methanol in n-heptane-dichloromethane (60:40)
‘B’. The presence of the amine and the acetic acid was to prevent fronting and tailing
of the peaks. Eluent ‘B’ provided a separation of better resolution than ‘A’ and sample
pre-treatment was not required. Further to this work, Cardwell et al.(1997)** examined
the use of reverse phase liquid chromatography and reported that this method was

unsuitable for the separation of ZDDPs.

Mass spectrometry” %* has been used to identify individual ligands present in mixtures

of ZDDP and shows great promise for future exploratory work. Further investigations

16
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that have been carried out into the analysis of ZDDPs include capillary supercritical

fluid chromatography®, gas chromatography'’ and a more recent use of thin layer
chromatography”®.  More recently with the advent of nonaqueous capillary
electrophoresis Thibon et al. (1999)* developed a capillary zone electrophoresis
separation using a complex buffer consisting of methanol, tetrahydrofuran, and
acetonitrile (70:15:15) with 20mM tetramethylammonium hydroxide and 10mM acetic
acid as additives. The detector used a wavelength of 230nm and separation was of

dialkyldithiophosphate ligands ([(RO),PS;]".

1.5 Metallic Detergents

Metallic detergents encompass a family of detergents that include alkylsulphonates,
alkylphenates and alkylsalicylates. They are synthesised with the metals magnesium
calcium or sodium to carry out their specific roles within the lubricating oil. Metallic
detergents fulfil two roles. First, they keep particulate contamination from the
combustion process in suspension and prevent contaminants from adhering to the metal
surfaces to form a varnish-like coating that becomes very sticky. Second, they
neutralise acids from the combustion process which produces a range of acids (organic
acids (RCOOH), and, mineral acids) which are prevalent in diesel and petrol fuel
engines (sulphuric acid, nitric acid and hydrochloric acid). Acids attack the metal
surfaces of the engine and increase the rate of wear, and ‘overbased’ detergents are

used to reduce this problem.

Detergents generally have a large hydrocarbon tail and a polar head group. The

hydrocarbon tail serves as a solubiliser in the base oil and the polar head is attracted to

17
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the contaminants in the oil (see alkylsalicylates, what they are and how they work page

21). Detergents of this type contain metals as counter ions, the principal metals used

being calcium, magnesium and sodium although others are used.

The detergents are synthesised by the neutralisation of an organic acid with a metallic

base (1).

2RCOOH + M(OH), ———» (RCOO"),M*" + 2H,0 @

where M(OH); is a divalent metal hydroxide and R is the solubilising group

(hydrocarbon tail)

Detergents can take three forms: neutral, basic and overbased. The structures and
synthesis of the alkylsalicylates is on page 20.

Overbased detergents have an added advantage over neutral and basic detergents in that
they are able to neutralise any acidic environment within a lubrication system, thus
preventing corrosion. There are two main ways of producing overbased detergents,

which are outlined below.

The first is an acid/base reaction which is normally used; however for overbasing an

excess of inorganic base is required (2).

2 RCOOH + nM(OH),——» RCOO-M-OOCR (n-1)M(OH), +2H,0  (2)
Organic Inorganic Overbased Water
Acid Base Detergent

The more common process is the carbonation technique (3), which converts the excess

inorganic base into a metal carbonate. The inorganic carbonate is stabilised by the

18
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metallic detergent, with the excess carbonate thought to be at the micelle centre of the

neutral detergent.

2RCOOH + nM(OH),
Organic Inorganic
Acid Base

(n-1)CO2 (g)
Carbon dioxide

RCOO-M-OOCR (n-1)MCO; + (n+1) HO ?3)
Carbonated Overbased Water
Detergent

19
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1.5.1 Synthesis of Alkylsalicylates

OH OH OH
Acid
@ + RX C1 or @i + NaOH
R R

Friedel-Crafts alkylation Ortho or para con.ﬁgu.ratlon seen, para
used for ease of viewing

COO Na*
OH ONa"
- €0 * /©/ +H,0
2
R Pressure R
Acid . Sodium Alkylphenoxide
Kolbe reaction
OOH
OH
R

COOH

R HO
oH
+M(OH), — 3 COOM 00C
R OH

Neutral alkylsalicylate

OH R HO
-1) MCO
¥ OH (n-1) 3

R

Basic alkylsalicylate Overbased alkylsalicylate

Figure 1.10 The synthesis route for alkylsalicylates.

Fialkovskii et al. (1983)*® described a possible synthesis mechanism for alkylsalicylate

based on dodecylphenols.
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1.5.2 Alkylsalicylates - what they are and how they work

Within the hydrocarbon environment of a lubricating oil, alkylsalicylates, as all
metallic detergents, can form inverse micelles. Glavati et al. (1989)% studied the
structure of overbased salicylates within a lubricant oil. The structures of the micelles

have been well documented and investigated by a variety of methods, including small

30,31,32,33 4,35
’

angle neutron scattering electron microscop and x-ray absorption

spectroscopy3 637,

These studies showed that the surfactant molecules surround an
amorphous inorganic core. The inorganic core is composed of metallic carbonates with
the possible presence of metallic hydroxide; some water may also be found at the
centre. The metal present in the core is that which has been used to create the
surfactant and to overbase it. Overbasing the detergents increases the total base number
of the detergent and the lubricating oil. The total base number is a representation of the
surfactant system’s ability to neutralise the acids formed in the combustion process. It
is defined as the amount of potassium hydroxide that would be required to neutralise a
gram of the material (by titration) and is expressed as mgKOH/g®. Ruckstein (1993)*
studied the stability of nonaqueous dispersions, describing that the surfactant alkyl
chains as normally branched. Branching of the alkyl chain produces a paste of lower
viscosity for the surfactant, and branching also has the effect of improving solubility
within the lubricant as it allows the oil to get between the individual surfactant
molecules. Robinson et al. (2000)*° found that acids within the lubricant are
solubilised, forming a water/oil emulsion. These then interact with the overbased
detergent by acid/base interactions, neutralising the acid. Pawlak et el. (1991)"
described the acid base reactions that can occur within the lubricating oil. They also

state that stronger intermolecular interactions are present with alkylsalicylates than with

any other metallic detergent, the stronger interaction being attributed to the presence of
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two polar groups. This promotes aggregation of the surfactant in an organic solvent

and the alkyl salicylates have a characteristic structure with an aggregation number of
15-30. The use of detergents to solubilise and prevent aggregation of combustion
particulates has also been studied. Glavaty et al. (1984)*? suggested a mechanism to
prevent aggregation of soot. The micelle form stabilised the soot by adsorbing to the
soot as an intact micelle without any loss of the calcium carbonate core. Once adsorbed
and surrounding the soot particle, repulsion effects prevent other micelle-coated soot
particles from aggregating, the stability of this structure depending on the dimensions
of the micelles and the durability of fixation on the soot particle. However, this is not
to say that neutral salicylates take no part in the stabilisation of soot. Neutral detergents

are able to form micellar layers on the surface of the soot, preventing aggregation

Chromatographic separation techniques for identification of individual alkyl chain

lengths of alkylsalicylates have not been published to my knowledge at the present

time.

The work in this thesis covers a new analysis technique for the identification of
lubricant additives. Nonaqueous capillary electrophoresis is a new addition to the
family of capillary electrophoresis utilising organic solvents. The subsequent chapters
describe the theory behind capillary electrophoresis with the addition of organic
solvents at the end. The use of mass spectrometry with capillary electrophoresis is
becoming more common and is of great use. Chapter 3 describes some of the theory
behind mass spectrometry specifically electrospray and quadrupole analysers. Chaptér
4 describes initial work to see if the instrumentation to be used is adequate for

nonaqueous capillary electrophoresis and subsequently the analysis of zinc
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dialkyldithiophosphates. Chapter 5 describes the analysis and identification of a

metallic detergent in the form of alkylsalicylate. Chapter 6 describes the possibility of
using mass spectrometry detection with nonaqueous capillary electrophoresis. This
was carried out firstly by direct infusion of analytes to identify operational parameters,
which were then carried across to nonaqueous capillary electrophoresis-mass
spectrometry. Chapter 7 brings together the knowledge acquired during method

development to the analysis of fully formulated lubricants.

Alkylsalicylates were an unknown quantity, due to their ability to form stable inverse
micelles within the lubricating oil. Thus it was necessary to identify whether the
separation by nonaqueous capillary electrophoresis was that of micelles or individual
alkylsalicylates. Several techniques were used to determine whether the micelles were
disrupted by solid phase extraction or in the presence of a polar solvent. This is dealt

with in chapter 8.
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Chapter 2

Capillary Electrophoresis

Theory
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2.0 History

Electrophoresis has come a long way since the pioneering experiments carried out by
Tiselius during the latter end of the 1930s. Tiselius' showed the potential of
electrophoretic analysis by separating serum proteins (albumen and globulins o, f and
y). From this initial work, other electrophoresis techniques followed in the form of
paper and gel electrophoresis, although open tubes were not used because of convection

broadening of peaks.

In 1967 Hjertén® laid the groundwork for capillary electrophoretic separations which
overcame the convection broadening problem of open tubes. However, the technique
was not to be seen again until the late 1970s and early 80s, when Mikkers ef al.® and
Jorgenson and Lukacs® determined that capillary electrophoresis was a viable analytical

technique.

Since this ground-breaking work, the use of capillary electrophoresis has exploded, and
now it is used in a very wide range of analyses. This has seen capillary electrophoresis
diverge into a variety of modes i.e. capillary zone electrophoresis (CZE), micellar
electrokinetic capillary chromatography (MECC), capillary isoelectric focusing (CIEF),
capillary isotachophoresis (CITP), capillary gel electrophoresis (CGE) and capillary

electrochromatography (CEC).
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2.1 Instrumentation

Instrumentation for capillary electrophoresis is simple in principle (figure 2.1, page 25)

2.1.1 Vials (inlet and outlet)

The instrument consists of two vials, a source (inlet) and destination (outlet). These
contain the specific buffers for washing the capillary, for separation and for samples.
The buffer composition is an important variable in electrophoretic separations and, to
avoid change, the buffer is replenished periodically. Electrolysis of the buffer near the
electrodes forms H' ions at the anode and OH" at the cathode, changing the pH in the
two vials and leading to alterations in separation and irreproducible migration times.
Siphoning also alters migration times, reducing reproducibility, and to prevent this the

liquid levels in the vials should be kept level.

2.1.2 Silica capillary

Between the destination and source vials is a capillary, usually silica. The capillary is
the area where separations occur. The silica capillary can have internal diameters from
25 to 100pm and outer diameters of 150 to 375um with a polyimide coating. The
capillary is preconditioned prior to first use with a caustic solution to clean the interior
and activate the silanol groups. The most widely used detection system is uv/vis
absorbance, because silica is uv transparent and so on-column detection can be utilised.
Production of the window for uv/vis detection involves the removal of a small section
of polyimide coating. Other detector systems used include fluorescence, laser induced
fluorescence, mass spectrometry and conductivity. Grushka et al.(1994)° described the
importance of cutting the capillary straight and flat. Having a capillary edge that is not

straight is detrimental to the separation as it alters the plug shape and length, the extra
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2.2 The process of electrophoretic separation by CE

There are three distinct stages to a separation by CE,
e Sample injection
e Separation

e Detection

A typical analysis is carried out by injecting the sample into a buffer-filled capillary.
The voltage is then applied, driving the buffer and sample in the direction of the
detector. The charged analytes migrate through the capillary and separate into small
zones according to differences in electrophoretic mobility. The order of migration is

normally cations, then neutrals, and then anions.

2.2.1 Sample injection

There are two methods for injecting samples into the capillary, hydrodynamic and
electrokinetic. Samples are first prepared by dilution to the required concentration, in a
small quantity of buffer or water. The ideal plug length is no more than 1% of the total

capillary length.

2.2.1.1 Hydrodynamic
Hydrodynamic injections can be carried out by several methods. If pressure is applied
at the source vial or a vacuum at the destination vial, then the volume of sample

injected by this method can be calculated by the Poiseulle equation:

V, =APr* mt/8nL 6))
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where AP is the pressure applied, r is the inner diameter of the capillary, t is the time

for the application of pressure, n is the viscosity and L is the total length of the

capillary.

The sample may also be injected by gravity, where the source vial is elevated and
siphoning is used to inject the sample. The volume injected can be calculated from

equation(1), where AP is replaced by the gravitational equivalent (2):
AP = pgAH 2

where p is the density of the buffer, g is the gravitational constant (980cm's™) and AH

is the height difference between the source and destination vial.

2.2.1.2 Electrokinetic Injection

Electrokinetic injection is carried out by applying a voltage at the source vial
(containing the sample). The sample is injected as a consequence of an electroosmotic
flow (section 2.2.2.1) and the sample ions electrophoretic mobility (section 2.2.2.4).

The quantity injected is given by:

Qi = V”Ctrz(ﬂﬁp + Hgor) /L 3)
where V is the voltage applied, c is the sample concentration, t is the duration of the
applied voltage, r is the radius of the capillary, pgp is the electrophoretic mobility and

Ieor is the electroosmotic mobility.
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Unlike hydrodynamic injection, electrokinetic injections suffer from sample bias,

where ions that have a high mobility will be present in the capillary at higher
concentrations than ions with low mobility. After repeated injections, depletion of the
high mobility ions in the sample vial is seen, leading to a loss of reproducibility and

errors in quantitation.

2.2.2 Separation
The application of an electric field in capillary electrophoresis leads to the buffer
migrating through the capillary in a unidirectional motion. This migration is known as

the electroosmotic flow (EOF); normally this migration is towards the cathode.

The most important factor in capillary zone electrophoresis (CZE) is that the solutes are
charged and have electrophoretic mobilities, differences in which are the cause of the
separation. The electrophoretic mobility is based on an individual ion’s size to charge
ratio. A negatively charged species will migrate towards the anode, while a positively
charged species will migrate towards the cathode and uncharged species will not
migrate in either direction. The higher the charge density (charge / solvated radius) the

higher the rate of electrophoretic migration.

In capillary electrophoresis the electroosmotic flow is usually strong enough to move
all charged analytes in one direction past the detector. The main downside to the CZE
technique is that it is unable to separate neutral analytes, since they have no

electrophoretic mobility and co-migrate at the same rate as the electroosmotic flow.

34



John E Smith
2.2.2.1 Electroosmotic flow

On the inside of the capillary wall silanol (Si-OH) groups are present that start to
become ionised (Si-O") above a pH of approximately 2. This charging leads to the
formation of a double layer. Double layer theory, introduced by Gouy and Chapman,
considers the effect of surface ionisation and/or ion adsorption to a surface. The size
of the double layer is dependent on the surface charge, which attracts ions to the surface

and decays exponentially through the double layer.

Shear plane
J Surface of shear
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Figure 2.2 Diagrammatic representation of the double diffuse layer
within a silica capillary.

The diffuse double layer theory of Stern (1924) is the accepted model for capillary
electrophoresis and electroosmotic flow formation (figure 2.2). Stern proposed a model
in which the double layer is divided into two parts, the Stern layer and the diffuse layer,

which are separated by a plane (shear plane).
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2.2.2.2 Diffuse double layer formation

Counter ions in the buffer adsorb to the inner surface of the capillary wall that has a
surface potential y,, forming a fixed layer. The fixed layer is made up of ions within
the Stern layer and extends into the diffuse layer. The electrical potential (y4) seen
within the diffuse layer decays exponentially into the bulk buffer. The point where
exponential decay begins is in the shear plane, where this electrical potential (charge
density) is not sufficient for the ions to be fixed, and a potential plane of shear appears

between the fixed and mobile ions.
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Figure 2.3 Schematic representation of the electrical potential in a diffuse double
layer.

The application of an electric field causes the ions outside the plane of shear (mobile
ions) to migrate towards the cathode, and because the ions are hydrated they drag the

bulk buffer with them generating the electroosmotic flow (EOF).
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At the plane of shear the potential difference between the fixed and mobile phases is

known as the zeta potential ({). It has been suggested that this area is also an area of

sudden viscosity change. The zeta potential is, given by:

= 4noele G))

where § is the thickness of the diffuse double layer, e is the charge per unit surface area

(charge density), € is the dielectric constant of the buffer.

2.2.2.3 Flow profile

Electroosmotic flow has a relatively flat profile compared to laminar or pumped flow as
in HPLC. The flow next to the capillary wall is slightly slower than the rest of the
capillary, due to friction, but this drag detracts very little from the overall flow profile.
The flat profile ensures that analytes experience the same velocity regardless of their
position across the capillary. The nature of the flow is the main reason that high

efficiencies are seen in capillary electrophoresis.

(@) (b)

Figure 2.4 Schematic representation of flow profiles (a) electroosmotic flow, (b)
laminar or pumped flow.
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It is essential that the electroosmotic flow is constant, because any variations will result

in variances in migration times of analytes, leading to identification and quantitation

errors. The electroosmotic flow velocity can be calculated by:

VEOF — SCE / 47‘51] (5)

where ¢ is the dielectric constant,  is the zeta potential, E is the applied electric field,

and 1) is the viscosity of the buffer.

The electroosmotic mobility, is given by;

ueor = &0/ 4mm (6)

The mobility of the electroosmotic flow is seen to be independent of the electric field
applied.

There are several ways to measure the electroosmotic flow, but the simplest and most
widely used method is the injection of a neutral marker. Neutral markers are
compounds that have no ability to become charged in the buffer being used and as such
do not have any inherent mobility, resulting in the marker travelling with the
electroosmotic flow, allowing it to be measured. The electroosmotic flow can be

calculated in two ways, as velocity (7) (cm/s) or as mobility (8) (cm*/V - s).
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where the vgor is the electroosmotic flow velocity, 1 is the length of the capillary to the

detector (effective length) and t,, is the migration time of the neutral marker.

MEOF = VEoF / E (8)

where pgor is the electroosmotic flow velocity, vgor is the electroosmotic flow velocity

and E is the applied electric field (V/cm).

The electroosmotic flow can be manipulated by altering experimental parameters
including applied voltage, pH of the buffer, buffer concentration / ionic strength,

temperature, organic solvents and modification of the capillary wall (see section 2.2.4).

2.2.2.4 Electrophoretic mobility
In CZE the most important characteristic is the electrophoretic mobility of an analyte.
Electrophoretic mobility in an electric field is only attainable if the analyte is capable of

attaining a charge.
The mobility of an individual charged analyte is dependent on its charge to size ratio.

That is to say that a large singular charged species will have a lower mobility than a

small multiply charged species (figure 2.5).

39



John E Smith

RO

Figure 2.5 Schematic representation of electrophoretic mobility in cations,

according to size to charge ratio.

Mobility may also be affected by the constituents of the buffer changing. Changes in
pH may alter an analyte’s charge state. Altering the size of an analyte is not so
straightforward; however this can be achieved by altering the hydration sheath around it

by the addition of organic solvents to the buffer.

Separation in CZE can therefore only occur with charged analytes that have differing
charge-to-size ratios. If they are the same, the analytes will not be separated in this
technique.

The electrophoretic velocity of a charged analyte is calculated by:

Vep =1/tn—1/tum &)

and the electrophoretic mobility, is calculated by:

tgp = (1/ tm— 1/ tam)(L / V) (10)
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where 1 is the effective length, tn is the migration time of the analyte, t,, is the

migration time of the neutral marker, L is the total length of the capillary (cm) and V is

the applied voltage.

2.2.2.5 Efficiency

Efficiency is affected by the electroosmotic flow and electrophoretic mobility, and the
faster the electroosmotic flow, the higher the efficiency is. Highest efficiency is seen
when the analyte migrates with the electroosmotic flow, and the lowest efficiency is
seen if the analyte migrates against the electroosmotic flow. The fast electroosmotic
flow produces a lower migration time that gives less time for diffusion to occur. There
are three forms of diffusion in capillary electrophoresis; longitudinal, radial and thermal
(see section 2.2.2.8). Longitudinal diffusion and radial diffusion do not have a great

impact on separation efficiency in general.

The effect that longitudinal diffusion has on plate height (H) for a particular separation

can be calculated, by using a shortened version of van Deemter’s equation (11) where:

H=B/u (11)

where B is the diffusion coefficient and u is the electroosmotic flow (flow rate).

Plate height can also be calculated by:

H=L/N (12)

where L is the length of the capillary and N is the number of plates.
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The number of plates is in turn calculated by:

N = 5.54(tn/W112)* (13)
where t; is the migration time of the peak and wy., is the width of the peak at half

height.

2.2.2.6 Resolution

Having a fast electroosmotic flow is desirable in that it decreases the analysis time and
improves efficiency. However, resolution is the most important parameter in a
separation. Like efficiency, resolution is affected by the electroosmotic flow.
Resolution increases with time of a separation, so a slower electroosmotic flow and
greater difference in electrophoretic mobility improve resolution. The resolution is
better when the electroosmotic flow and electrophoretic mobility are opposite. Greatest
resolution is seen when the electroosmotic flow and electrophoretic mobility is equal
and opposite in direction, but realistically this will lead to a separation of infinite time!

Resolution can be measured by:

R= 2(t2 — tl) / (W] + W2) (14)

where t; and t; are migration times of two peaks and w; and w, are the base widths of

the two peaks.

2.2.2.7 Selectivity
Selectivity (o) is concerned with how far apart the two peaks are in a particular

separation, and can be expressed as:
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a= (tz - tnm) / (tl — tnm) (15)

2.2.2.8 Diffusion
The efficiency, resolution and selectivity of a separation can all be affected by
diffusion. Diffusion is the nemesis of efficiency, resolution and in some aspects,

sensitivity.

Diffusion spreads the analyte over a wider distance, producing a weaker, broader signal

compared to if the analyte was in a narrow band, which can make detection difficult.

Thermal or convective diffusion can have a dramatic effect on efficiency as this
contributes greatly to zone spreading. The application of an electric field and hence a
current through the buffer generates Joule heating, and this heating warms up the

buffer.

The heating of the buffer can lead to temperature gradients throughout the capillary.
The gradients lead to viscosity changes within the capillary radius, with the central area
being hotter than the edge. These changes in viscosity lead to analytes experiencing

differing electroosmotic flow rates and electrophoretic mobilities (see figure 2.6).

N
o

NN LN
O\NCO 000N

20

Figure 2.6 Representation of a temperature gradient inside the capillary and
effect on flow profile.
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For this reason heat generated has to be dissipated adequately, and one way is to use

capillaries with small inner diameters. The temperature difference across the radius of
a capillary can be calculated by:

AT = (0.239Q / 4k)r* (16)

where Q is the power density in watts / m’, k is the thermal conductivity and r is the
radius of the tube. From equation 16, altering the radius will alter the temperature
difference. Using a smaller inner diameter tube will lead to smaller temperature
gradient. A greater surface to area ratio will lead to better heat dissipation. However it
is better to prevent heating than remove the consequence, and smaller diameter tubes
produce a higher resistance. The higher resistance in turn produces a lower current and
as current causes Joule heating a decrease in heat generation is seen. An alternative to
smaller diameter capillaries is to use a longer capillary length which also increases the

resistance.
Although convective diffusion can be the most problematic cause of reduced efficiency,
it is easily decreased, as described above. The total diffusion seen from a separation in
capillary electrophoresis can be calculated by the total variance, (¢”):

62T= 021) + O'Zinj szet 020 (17)
where 021) is the longitudinal diffusion, cszin,- is the variance of the injector system, czdet

is the variance of the detector and 620 is the variance from other effects that includes

thermal diffusion.
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2.2.3 Detectors

A range of detectors is available for use with capillary electrophoresis, (figure 2.7).
The most widely used is uv/vis absorbance, with its wide range of applicability.
However, its sensitivity is very poor due to the short path lengths across the capillary,
typically only 50pm. To overcome this sensitivity problem using a 50pum diameter

capillary several solutions have been developed.

Detector Approximate Detection Limits (moles)
UV/ vis absorbance 10510
Fluorescence 105-10°77
Mass spectrometry 107°-107"
Conductivity 10-10°

Figure 2.7 Some capillary electrophoresis detectors.

Tsuda et al.(1990)® used a rectangular capillary 50pm x 1000pm for the separation of
some amino acids (figure 2.8). The rectangular capillary led to an increased absorbance
through less light scattering and optical distortion, while the increased path length

increased the sensitivity.

Figure 2.8 Schematic representation of a rectangular capillary.

The ‘Z’cell (figure 2.9) was developed and utilised to increase the path length for the

light to increase the sensitivity. Moring ef al.(1993)” found this a useful method for
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methods the sample analytes are dissolved or diluted in a solution of lower conductivity

than the buffer or deionised water.

Sample stacking (figure 2.11) is carried out by hydrodynamic injection, and when the
electric field is applied the sample plug has a higher resistance than the buffer and so
contains a higher electric field drop. The high electric field enables the ions to migrate
rapidly through the sample plug to the buffer boundary. On encountering the lower

electric field of the buffer the ions become stacked in a narrow zone.

< o
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Figure 2.11 Sample stacking. (a) hydrodynamic injection of sample, (b)
application of electric field, (c) time x after application of electric field.

Likewise, with field amplified injection the sample analyte is injected
electrokinetically, and the sample analytes experience the same conditions as those
encountered in sample stacking when the separation begins. An advantage with this

method is that the separation begins as soon as the injection takes place.

With the individual analytes being stacked in a tight zone, an increase in absorbance is

seen for a shorter time and separation can be seen to slightly improve.
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2.2.4 Operational parameters

2.2.4.1 Applied voltage

Probably the easiest way to modify a separation in capillary electrophoresis is by
varying the applied voltage. Both electroosmotic flow and electrophoretic mobility are
affected by the applied voltage, through alterations in the electric field. Increasing the
voltage increases the electroosmotic flow and hence reduces the analysis time. Using
the highest possible voltage will produce the quickest analysis times. However, care
must be taken as increasing the applied voltage/electric field can increase the current to
an extent where Joule heating is detrimental to the separation. Identification of the
maximum voltage can be determined by an Ohm’s law plot. A second way of speeding
up the analysis is to shorten the capillary. Shortening the capillary leads to an increase
in current due to the decrease in resistance and is liable to the same problems as

increasing the voltage.

2.2.4.2 Buffer pH

Buffer pH plays a significant role in electroosmotic flow (section 2.2.2.1) and
electrophoretic mobility (section 2.2.2.4). Increasing the pH increases the charge
density on the capillary wall, due to more silanol groups converting to the ionised
silanoate (Si-O°) form. Conversely decreasing the pH decreases the electroosmotic
flow by decreasing the charge density on the capillary wall.

Altering the pH may alter the electrophoretic mobility of an analyte by altering its
charge. As electrophoretic mobility is the most important factor in a separation the pH

of the buffer is adjusted to provide the optimum separation.
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2.2.4.3 Buffer concentration / ionic strength

In an adequately temperature-controlled environment, increasing the buffer
concentration / ionic strength will decrease the electroosmotic flow because the diffuse

double layer becomes more compact and the zeta potential is reduced.

However, if the environment is not adequately temperature-controlled, the increase in
buffer concentration / ionic strength will increase the current. The increase in current
will lead to increased Joule heating, decreasing the viscosity and leading to a faster

electroosmotic flow.

Common buffers used include borate (pK. 9.24), phosphate (pK, 2.12, 7.21, 12.32),

acetate (pK, 4.75) and formate (pK, 3.75).

2.2.4.4 Temperature

Separations are normally temperature-controlled. Altering the temperature for a
separation may be useful in improving the separation. Increasing the temperature
decreases the analysis time by increasing the electroosmotic flow via a decrease in
viscosity. Careful manipulation is required as temperature gradients can form through

the inner radius of the capillary and lead to zone spreading (section 2.2.2.8).

2.2.4.5 Organic solvents
The addition of organic solvents can have various effects in a buffer, altering dielectric
constant, viscosity and zeta potential. For instance, it has been reported that the

addition of acetonitrile to water decreases the viscosity. The use of organic solvents
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can also alter the hydration/solvation sheath around individual analytes, thus altering

their effective size.

2.2.4.6 Modification of the capillary wall

Modification of the capillary wall can be used to reduce, eliminate or even reverse the
electroosmotic flow. The reduction and elimination of the electroosmotic flow can be
brought about by blocking the charges at the wall. Reagents used for this task can be
chemically bonded to the capillary wall or dissolved in the buffer to form a dynamic

coating.

Dynamic coating of the capillary wall is fairly simple, where surfactants dissolved into
the buffer cover the charged groups on the capillary wall. The concentration and wash
times affect the amount of coating and the extent to which the electroosmotic flow is

reduced or eliminated.

The analysis of anions may require reversal of the electroosmotic flow, which can lead
to a decrease in analysis time. Dynamic coatings offer a simple way to produce
reversed flow. Cationic surfactants such as the alkylammonium salts
cetyltrimethylammonium bromide (CTAB) and tetradecyltrimethylammonium bromide

(TTAB) are commonly used for this.

2.2.4.7 How dynamic coating with surfactants works
The positively charged head groups of the alkyl ammonium salts interact with the
silanoate groups of the capillary wall. The hydrophobic, hydrocarbon tails of the

surfactant associate with the hydrocarbon tails of free surfactants by hydrophobic
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interactions, forming a bilayer where the exposed positively charged head group

provides the charge at the capillary wall (figure 2.13 & 2.14).

Figure 2.13 Wall coating with cationic surfactant.
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Figure 2.14 Representation of surface charge reversal due the adsorption of
surfactants used in flow reversal.
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2.3 Nonaqueous capillary electrophoresis

The use of pure organic buffer systems in capillary electrophoresis was reported by
Walbroehl and Jorgenson in 1984°, with a separation of five quinoline-type compounds
in acetonitrile with tetraethylammonium perchlorate / hydrochloric acid. However,
despite the success of this work, its potential was not taken up until the early 1990s,
when nonaqueous capillary electrophoresis (NACE) was investigated as a separation

technique in its own right.

Publications on nonaqueous capillary electrophoresis have gradually increased over the
subsequent years. Nonaqueous capillary electrophoresis has been reported for the
analysis of tamoxifen'® and its hydrolysis products!' and photoforin'?, a complex
porphyrin mixture. Both are used in the treatment of cancer, while tamoxifen has also
been prescribed as a preventative in familial cases of breast cancer. Nonaqueous
capillary electrophoresis has been widely used for acidic and basic drugs, e.g.
nonsteroidal anti-inflammatories'>!®, antihistamines' and cannabanoids!®. The
technique has also been used to analyse morphine'® and other narcotics. Further work
could see the technique not only used for providing evidence of drug abuse and
trafficking but also in the world of sport to test for performance enhancing drugs. The
analysis of nicotine'” has also proved successful, which could lead to companies using
tests for insurance policies in the future. The food industry also has a use for
nonaqueous capillary electrophoresis as it has been shown to be a useful technique in
the analysis of cholesterol'®, It has also shown possibilities for the lubrication industry
where Thibon et al.(1999)"° analysed zinc dialkyldithiophosphates in a buffer
consisting of methanol, acetonitrile, tetrahydrofuran with acetic acid and tetramethyl

ammonium hydroxide.

52



John E Smith
As such, nonaqueous capillary electrophoresis is a very attractive method to a wide

variety of industries. Organic solvents provide properties not only different to water,
but also to other organic solvents. This has been used to advantage over conventional
aqueous capillary electrophoresis, in which the solubility of hydrophobic analytes
without the use of additives (surfactants) has extended the use of capillary

electrophoresis.

2.3.1 Properties of organic solvents
The interactions between organic solvent molecules and other molecules are different

from those of water.

In terms of NACE, polarity of a solvent is important in that polar solvents are able to
separate moieties of opposite charge and allow similar charged moieties to come closer
together. An organic solvent’s polarity can be assessed in several ways, both physical
and chemical. The physical aspects include cohesive pressure, dielectric constant,
refractive index and dipole moment. The chemical properties include donor number
and acceptor number to assess the acid-base capabilities of a solvent as well as polarity,

hydrogen bond donor or acceptor potential.

These properties are important when deciding which solvent to use in NACE. For a
solute to be soluble in a particular solvent, solvent-solvent intermolecular forces
(cohesive pressure) and also the solute-solute intermolecular or inter-ionic forces must
be disrupted. Disrupting the solvent-solvent interactions in essence creates a cavity for

the solute.
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Classification of molecular solvents is based on the assessment of both polarity and the

acid-base properties (see table 2.15)

Low Polarity <20 High Polarity £>30
Non-electrolyte Electrolytic
Electron pair donor (tetrahydrofuran) Amphiprotic
Polarizable (benzene) Protogenic (sulphuric acid)
Inert (cyclohexane) Neutral (ethanol)

Protophilic (ammonia)
Non-Protogenic
Protophilic (dimethylsulphoxide)
Protophobic (acetonitrile)

Aprotic (sulphur dioxide)

Figure 2.15 Table identifying the classification of molecular solvents. Adapted
from Chipperfield, J.R. (1999), ‘Non-aqueous solvents’, New York, Oxford

University press inc.

For use in NACE, it is reasonable to expect that solvents of high polarity are used.

High polarity solvents are suitable for the dissolution of ionic compounds to produce

solutions that conduct electricity well.
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O

Figure 2.16 Diagram of separated solvated ions; both are responsible for

conductivity.

Further classification relates essentially to the acid-base properties of a solvent i.e. if
they readily give up protons (protogenic), accept protons (protophilic) or if they have
the ability to both accept and donate protons (amphiprotic). Amphiprotic solvents are
unique in that they are able to self-ionize or autoprotolyse resulting in a mixture of

lyonium ions (cations) and lyate ions (anions).

Hydrogen bonding is also a factor to consider when assessing a solvent. Hydrogen
bonding can occur intramolecularly (within a molecule) or intermolecularly (between
molecules). Amphiprotic solvents can be involved in hydrogen bonding. Generally,
hydrogen acceptor groups include nitrogen and oxygen (free paired electrons) and as
such make good Lewis bases. The hydrogen bond acceptor groups mentioned also

make good hydrogen bond donors.

There are two theories to describe acid-base reactions. The Brensted-Lowry theory
defines an acid as HA, where the proton H can be donated to a base for the formation of
a conjugate acid and conjugate base, viz.

HA + B —/——A + HB*

Acid Base Conjugate Conjugate
55 base acid



John E Smith

Likewise a Bronsted-Lowry base is a moiety that can accept a proton, the cojugate base
being an anion (which can be termed as a lyate ion) and the conjugate acid being a

cation (termed as a lyonium ion.)

Lewis, on the other hand, described the behavior of acids and bases differently. A
Lewis acid has the ability to act as an electron-pair acceptor, whereas a Lewis base has
the ability to donate an electron pair. Both of these reactants end up with the formation

of an adduct, seen in figure 2.17 below.

MC3NZ + BF3 —> MC3NZBF3

Lewis Lewis Adduct
base acid

Figure 2.17 An example of a Lewis acid-base reaction.

Interactions in NACE become more complex as more compounds are added to the
buffer system. The resulting solvent-analyte, solvent-additive, and analyte-additive,
interactions can fall into electrostatic (ion-dipole, ion-ion, and dipole-dipole) and acid /

base interactions®'.

Solvents are used to stabilise unpaired ions or dipoles, and the dielectric constant is
used to determine a solvent’s ability to separate solute charges and orient dipoles. The
stronger the surface charge density of the ion or dipole, the higher is the required

dielectric constant of the solvent.

Acid / base interactions in organic solvents are characterized by their donor and / or

acceptor numbers. However it is not just the solvent’s donor number (DN) that acts on
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the separation but also the analytes’ and additives’ abilities to behave as Lewis bases in

accepting free unpaired electrons. Likewise, the acceptor number (AN) (which has to
account for the analytes’ and additives’ abilities to accept electrons acting as Lewis
acids), is important in separation of analytes. Hydrogen bonding will have an effect on
separations, especially for amphiprotic solvents and additives and analytes can
hydrogen bond, either intra- or intermolecularly. The number of interactions possible

within a nonaqueous buffer could be considerable and all will have an effect on the

separation.
Solvent Bp(°C) pKauo g n (mPas) DN (kcal mol
)
Water 100.00 14.00 78.30 0.890 18-33.00
Methanol 64.50 1720  32.66 0.545 19-30.00
Ethanol 78.30 18.88  24.55 1.078 ~32.00
Dimethylsulfoxide 189.00 3330 4645 1.996 29.80
N,N- 153.00 27-29  36.71 0.802 26.60
Dimethylformamide
Acetonitrile 81.60 >33.30 35.90 0.341 14.10
Table 2.18 Donor number (DN), dielectric constant (g), viscosity (n) and
boiling point (Bp) for several solvents used in nonaqueous capillary
electrophoresis. Adapted from Chipperfield, J.R. (1999). Non-aqueous
solvents, New York, Oxford university press inc.

Most solvents used in nonaqueous capillary electrophoresis are able to act as electron

donors and / or electron acceptors as are the additives and analytes. Chen et al.(1998)*°
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derived equations to show the interactions possible between an analyte and additive

with both donor and acceptor properties.
- + ~ oAt N
D+A" ——— DA '——D—>A
D and A are analyte electron donor and additive electron acceptor, respectively, which
can progressively interact through increasing electrostatic interactions, to the transfer of
an electron. The interactions can be ion-ion, ion-dipole and dipole-dipole. If the

analyte or additive cannot accept or donate, electrons only the electrostatic interactions

occur and vice versa.

If the solvent has donor and/or acceptor properties then their interactions with the

additives and analytes have to be considered.

X—» Y+§ ———= X+Y<4—$

X electron donor

Y electron acceptor

S solvent
SHX——pY T/ S<—X+Y

The solvent’s acceptor and/or donor properties, hydrogen bonding and dielectric
constant can affect the separation of analytes. If the solvent has very strong donor
and/or acceptor properties and hydrogen bonding then the analyte may spend more time
interacting with the solvent rather than the additive. This may lead to a poor resolution

separation.
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Altering the properties of a solvent system by introducing a second solvent can alter the

interactions of the analyte and solvent, leading to an alteration in selectivity, e.g. by
mixing methanol and acetonitrile. Almost all alterations in the separations reported
have been ascribed primarily to the difference in electroosmotic flow caused by
dielectric constant to viscosity ratio. Acetonitrile, unlike methanol, is not amphiprotic
but is protophobic and nonprotogenic, (although it can be protonated in acidic
conditions), so, its ability to interact with additives is mainly via stabilisation through
conjugation, which alters the selectivity for a desired separation. This property was
used to advantage by Khaledi et al. (2000)*!, who employed heteroconjugation for the

separation of a variety of nitrophenols, chlorophenols and phenols.

2.4 Additives for nonaqueous capillary electrophoresis

2.4.1 Chiral separations

An invaluable aspect of CE and in particular NACE is the ability to separate isomers.
This is of great use in the pharmaceutical industry and is why that industry is the
predominant user of CE, where quality control of drugs, including isomeric ratios, is
vital. Optical isomer separations can also be performed; chiral separations are mostly
carried out by the introduction of additives into the separation buffer that act as pseudo-
stationary phases, which then are able to interact with the analyte to varying degrees.
The most commonly used additives are cyclodextrins where the analyte interacts with

the cyclodextrin through hydrogen bonding with the hydroxyl groups present.

The use of cyclodextrins is widespread and a variety of cyclodextrins has been

developed. Most commonly B- and y- cyclodextrins are used. Riekkola ef al. (1996)*
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separated a variety of dansylated amino acids in N-methylformamide and compared

this to a chiral separation in aqueous media. It was seen and stated that the nonaqueous
media provided better results and an advantage of NACE was that the cyclodextrin had
a solubility some 40x more than in aqueous media. Khaledi et al. (1996)* examined B-
and y-cyclodextrins in formamide, N-methylformamide and N,N-dimethylformamide

for the separation of a variety of basic drug enantiomers.

More recently the scope of cyclodextrins has been increased by the introduction of a
charged species, which is able to increase the stability of interactions between the
analyte and the charged cyclodextrins. The charge also gives the cyclodextrin
electrophoretic mobility against the EOF, therefore increasing migration time and
resolution. Vigh et al.(2000)*, Khaledi et al.(1999) and Cai et al.(1999)* used
sulphated derivatives of B-cyclodextrins for basic drugs. Khaledi et al.(1999)* found
that stronger interactions occurred between the analyte and the charged cyclodextrin
than with neutral cyclodextrins. Kahledi et al.(1998)*" used a positively charged
quaternary ammonium B-cyclodextrin to separate nonsteroidal anti-inflammatory drugs
and derivatised amino acids with a reverse polarity. The use of positively charged

quaternary ammonium B-cyclodextrin was also found to reverse the EOF.

Lammerhofer et al.(2000)*® used a positively charged tert-butylcarbamoylquinine as an
ion pair agent for the separation of N-3,5-dinitrobenzyoylated (DNB)-protected amino
acids. Using a partial filling technique they improved sensitivity. The uv absorbing ion
pair agent only part filled the capillary and was not present in the separation buffer, and
so was not present at the detector when the analytes were detected. The same group,

used DNB-leucine as the ion pair agent”, but coated the capillaries with
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polyvinylalcohol, which stopped adsorption of analyte to the capillary wall and slowed

the EOF. Pettersson et al.(2001)*° used ion pairing mechanisms to separate amine
isomers, and examined the effect of coating the capillary. Using an uncoated capillary
they optimised the ion pair agent concentration, then coated the inner capillary wall
with polyacrylamide to form a capillary wall with no charge. With partial coverage the
EOF was slowed down, and total coverage of the inner wall resulted in stoppage of the
EOF. This method resulted in the improvement of the separation, at best when the

capillary was coated with an aminopropyl compound that produced a reversal of the

EOF.

An alternative to pseudo-stationary phases is the use of a stationary phase packed
within the capillary, Lindner e al.(2002)*! used a silica low-molecular-weight chiral

cation exchange packing for the successful separation of several amine isomers.

2.4.2 Neutral analytes

In aqueous capillary electrophoresis neutral analytes can be separated by micellar
electrokinetic chromatography. A surfactant is added to the separation buffer where
aggregation brings about the formation of micelles. The analytes of interest

differentially partition into the micelles and, therefore, separate (figure 2.19).
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2.4.3 Electroosmotic flow

As in aqueous capillary electrophoresis, the electroosmotic flow is dependent on pH,
dielectric constant to viscosity ratio and other factors. In nonaqueous capillary
electrophoresis, the solvent also plays a role in the formation of the electroosmotic
flow. Cassidy et al.(1996)* reported that electroosmotic flow in methanol was
increased by addition of acetonitrile. This was ascribed to alterations in interactions at

the capillary wall and in the bulk buffer.

Dorsey et al.(1997)* studied the behaviour of nonaqueous solvents without electrolyte
in nonaqueous capillary electrophoresis. They concluded that the electroosmotic flow
mobility could be correlated with the dielectric constant to viscosity ratio, and also
stated that acetonitrile provided the fastest electroosmotic flow of the solvents that they

studied.

2.4.3.1 Reversing electroosmotic flow

In aqueous capillary electrophoresis, reversing the electroosmotic flow is established by
dynamic coatings or covalent coatings. Most widely used are dynamic coatings formed
by cationic surfactants. However, in organic solvents there are little or no hydrophobic

interactions and reversal of flow is not seen using the dynamic coating method.

Flow reversal has been achieved in nonaqueous capillary electrophoresis by the

addition of a cationic polymer such as hexadimethrine bromide (HDB).
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N:+/\(CH z)n/\N:Jr/\/\ 2Br°

Figure 2.2. Molecular structure of HDB.

This was used by Zemann et al. (1997)*® for the separation of carboxylic acids.
Tjernelund et al. (1998)* separated hydroxy- and dihydroxy-benzoic acids using HDB
and an acetonitrile-methanol mix, while the separation of acetylsalicylic acid and three
of its metabolites was reported by Hansen ez al. (1998)*" with a reversed electroosmotic
flow. Covalent bonding of compounds has been used to produce a permanently fixed
positive charge on the capillary wall. Gilges ef al. (1994)*' used poly(vinyl alcohol) as
both dynamic and covalent coatings for the separation of acidic and basic proteins,
while polymeric capillaries have been used by Schneider et al. (1998)* to allow

separation of amino acids and peptides.
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2.5 Advantages of nonaqueous capillary electrophoresis

Nonaqueous capillary electrophoresis has several advantages over aqueous capillary

electrophoresis for method development:

Wider range of analytes available for separation, especially hydrophobic
compounds without the requirements for use of surfactant micelles as a pseudo-
stationary phase.

Selectivity can be easily altered by changing and mixing of solvents.

Organic solvents run with lower currents and so can be exposed to higher
electrolyte concentration and ionic strength or higher electric fields. Riekkola et
al.(2002)* have applied extremely high electric field strengths to the separation
of several compounds, evaluating several alcohols as solvent (methanol,
ethanol, propanol and butanol) and using voltages up to 60kV. Special
insulation considerations were taken into account including placing the inlet vial
in oil to prevent arcing in air.

Wider bore capillaries can be used for greater sensitivity. This derives from the
lower conductivity of organic solvents. With lower conductivity wider capillary
bores can be used as less joule heating is present as a result of lower current and

as such less band broadening in separations is seen.
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Chapter 3

Mass spectrometry and capillary electrophoresis mass spectrometry
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3.0 Introduction

Mass spectrometry plays a major role in analysis. It offers both high sensitivity (low
detection limits) and qualitative information, which are of great importance to the

analyst.

Mass spectrometry can be described as the separation and detection of gas phase ions
from neutral compounds in a vacuum. Separation is dependent upon the differences in

mass to charge ratio.

A wide variety of instrumental procedures can lead to the production of many ions,

both from the parent molecule and from its fragments.

A simplistic description of a mass spectrometer consists of an ion source, mass
analyser(s) and detector. The mass spectrometer is attached to a computer for control

and data acquisition.

Older mass spectrometers kept the ion source, mass analyser (s) and detector all under
vacuum, ensuring that the ions produced from the source did not collide with each other
or other air molecules, to ensure easy interpretation of the mass spectra. Nowadays

ionisation is often conducted at or near atmospheric pressure.

Ions must be created from any compound under investigation unless it is already
ionised i.e. a salt. Ionisation may be by the addition or removal of an electron,
producing two species of ion positive, (M") and negative (M"). Ionisation may also

come about by the addition or subtraction of another charged species (X') to produce

70



John E Smith
M + X]" or [M — XT, known as quasi-molecular ions. If the compound under

investigation is a salt (M'X"), being already ionised, it only requires the two charged

species to be separated by the mass spectrometer.

Being held under a vacuum was problematic for sample introduction as the sample has
to be transferred from an area at atmospheric pressure to an area under vacuum. For
this reason a variety of inlets were developed including cold, hot, direct probe and gas

and liquid chromatography inlets.

The area in which ionisation occurs is the ion source, of which there are a variety;
e Electron ionisation
e Chemical ionisation
¢ Field ionisation
¢ Field desorption
e Spraying and ion evaporation (see section 3.3)
e Fast atom bombardment

e Laser ionisation

Once the ions are formed in the source they are accelerated into the mass analyser by a
high electrical potential (2-8kV) where they are separated by their mass to charge ratio.
As with the ion source there are a variety of mass analysers, including;:

e Quadrupole (see section 3.4)

e Jon trap

¢ Time of flight

e Magnetic and electromagnetic sectors
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¢ Jon cyclotron

Analysers can be coupled to form tandem mass spectrometers (see section 3.5).
Coupling mass analysers to chromatography opens the door to a wider use of mass

spectrometry and a new variety of techniques.

Once the ions leave the mass analyser they enter the detector where electron
multipliers, array detectors, or photon multipliers detect the ions. Data is then sent to a

computer.

It was not until the introduction of atmospheric pressure ionisation sources that mass
spectrometry could be easily used in conjunction with liquid chromatographic
separation techniques such as high performance liquid chromatography and capillary

electrophoresis.

3.1 Capillary electrophoresis mass spectrometry

Capillary electrophoresis has been coupled to a variety of ionisation sources, including
electrospray (see section 3.3), continuous flow fast atom bombardment and inductively
coupled plasma. It has also been used in offline coupling with matrix-assisted laser

desorption ionisation.

Separation is initially provided by capillary electrophoresis, and the separation capillary
is fed into an ionisation source. The ions move through the capillary into the ionisation
source which then passes appropriate ions into the mass analyser. Separated ions escape

to the detector.
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John E Smith
The addition of organic solvents to capillary electrophoresis separation buffers and

sheath flow produces an improvement in electrospray stability, possibly by reducing the

surface tension and thus improving the formation of the electrospray.

Nonaqueous capillary electrophoresis provides an ideal buffer system for use with
electrospray ionisation. The development of nonaqueous capillary electrophoresis has
also seen an increase in nonaqueous capillary electrophoresis mass spectrometry
publications. As with nonaqueous capillary electrophoresis, most of the work

published has been concerned with pharmaceutical compounds.

Naylor et al. (1994) investigated mifetidine and its metabolites in organic solvents,
particularly methanol with ammonium acetate. Tamoxifen is a drug that is readily
analysed by nonaqueous capillary electrophoresis — mass spectrometry; Cole et al.
(1996)* used a methanol buffer solution with sodium dodecyl sulphonate (SDS) as an
additive. In his investigations he witnessed very little source fouling. Dovichi et al.
(2001)° used this technique for monitoring tamoxifen and metabolites in the urine of
cancer patients, specifically to investigate tamoxifen resistance in patients and identify
any correlation that could be found with regard to metabolites in urine. Dovichi et
al.(1998)* examined tricyclic antidepressants and amitryptyline, for which he proposed
a fragmentation pathway of tricyclic antidepressants and metabolites by electrospray
ionisation mass spectrometry. Raith ef al. (1998)° examined phospholipids, and
Veuthey et al. (2001)° examined steroidal alkaloids in plant extracts using a co-axial
sheath flow interface. Veuthey et al. (2000)’ also developed a method for the analysis

of amphetamines in urine, again using a co-axial sheath flow, and concluded that the
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use of a high drying gas flow rate reduced the sensitivity of detection. Basic and acidic

drugs in general were the topic for investigation by Senior ef al. (2000)®.

3.2 Electrospray interfaces

The most common chromatography technique to be interfaced with mass spectrometry
is high performance liquid chromatography (HPLC). The interfaces designed for this
specific technique were initially replicated and modified to allow for the use of

interfacing capillary electrophoresis with mass spectrometry.

The limiting factor for capillary electrophoresis mass spectrometry is the interface
between the capillary electrophoresis instrumentation and the mass spectrometer. The
interface performs two functions. Firstly it acts as an electrode for capillary
electrophoresis and secondly is responsible for the formation of the electrospray (see

section 3.3) where good electrical contact is vital.

There have been three major types of interface developed for use in capillary
electrophoresis-mass spectrometry, namely sheathed flow, liquid junction and co-axial
sheath flows, and sheathless nanospray. Each typé of interface has been shown to be
successful. Comparison between the liquid junction and co-axial sheath flow was made
by Pleasance et al. (1992)°, comparing the two interfaces for the analysis of some
toxins and antibiotics. The co-axial sheath flow was a more robust and reproducible
interface that provided greater flexibility than the liquid junction, which was prone to

loss of electrophoretic performance.
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3.2.2 Co-axial sheath flow

Co-axial sheath is the most widely used of the sheath flow interfaces. The general
design consists of three concentric capillaries. The inner capillary, which is used for
the separation by capillary electrophoresis, is also used for the formation of the
electrospray, unlike the liquid junction design where a separate needle is used. The
middle capillary is used to provide the sheath flow that mixes with the separation buffer
at the end of the capillary. The outer capillary introduces the nebulizing gas, which is
used to improve the formation of the spray, especially with the water content of
aqueous capillary electrophoresis separations. Hau and Roberts (1999)"! developed a
successful co-axial sheath flow without the use of a nebulizing gas for vitamin B,
solutions, but their addition of methanol to the separation may have taken away some
of the requirements for a nebulization gas by the reduction of surface tension. They

also pressurised the separation to reduce analysis time.

CLI

—

S

3 =

Sheath flow Nebulizing
gas

L1l
I
j

Separation capillary

Figure 3.3 Diagrammatic representation of a co-axial sheath flow interface.

Tetler et al. (1995)" examined the effect of relative capillary dimensions on the
performance of a capillary electrophoresis-mass spectrometry interface.  They
concluded that an optimum ratio of inner and outer capillary diameters aided the
formation of a stable electrospray. Kirkby et al. (1996)" went on to shape the tip of

capillaries to improve electrospray performance. Creating a smaller inner diameter

77



John E Smith
increased the velocity of flow out of the capillary, while shaping the outside improved

the electrical contact to provide a more stable electrospray.

3.2.3 Sheathless flow

More recent work has specifically investigated the use of sheathless interfaces
(nanospray). This work would not be possible if it were not for improvements in mass
spectrometer performance. Initial work used the separation capillary as the
electrospray needle. Cook et al. (1995)" investigated cone shaped tips that were
coated in gold to provide a durable interface. Petersson et al. (1999)"° produced a
successful separation and detection of four fatty acids and six prostaglandins using a
sheathless flow. In this case, the separation capillary was pulled through a stainless

steel tube liner to provide the required electrical connection.

More recently Chang and Her (2000)'® used a separation capillary that was carbon-
coated at the end to provide electrical connection. Mioni (2001)"7 developed a split
flow technique by drilling a hole near the tip of the capillary. The whole was covered
by metal where the voltage could be applied for the electrospray, this area allows for a
better electrical connection. The new design gave the sensitivity of a sheathless
interface in conjunction with the simplicity of a sheath flow. Bergquist et al. (2002)'®
utilised a conductive polymer composed of polypropylene / graphite mix, either as a
housing for the separation capillary tip or as a coating that was melted onto the
capillary. Both were reported to provide desirable nanospray features with long term

stability and low cost of manufacture.
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I i — (a)
T | :::Dé
o — )
- I —
Separation Capillary housing
capillaries

Figure 3.4 (a) Sheathless interface using the separation capillary for

electrospray formation. (b) Sheathless interface with a capillary housing for

electrospray formation.

In nanospray there is no dilution and so sensitivity is greater.

3.3 Electrospray ionisation
Electrospray ionisation can be described as the generation of a fine mist of charged

droplets from a solution, by using coulombic repulsion to break up the liquid into

smaller droplets.

Electrospray ionisation can be split up into several points:
e Nebulisation of sample into a fine mist of charged droplets

e Production of ions from droplets and movement into the mass analyser

Electrospray ionisation is a soft ionisation technique. There is generally no
fragmentation of analytes and only the molecular ion or quasi-molecular ions are seen.
However, it is possible to obtain multiple charging of macromolecules if they have

many protonation / deprotonation sites. This is advantageous with macromolecules that
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Figure 3.6 Representation of proposed solvent evaporation and ion ejection.

A second atmospheric pressure ionisation source (apart from electrospray) is
atmospheric pressure chemical ionisation (APCI). In APCI the effluent from the
chromatographic technique is sprayed into the ionisation source via a pneumatic
nebuliser, and this spray is then converted into a thin fog by nitrogen gas. The solvents
present from the chromatography are evaporated by passage through a
desolvation/vaporisation chamber from whence it flows into the ionisation area. In the
ionisation area the gas flows past a corona discharge needle or a B-particle emitter,
where chemical ionisation leads to primary ion formation and then reaction with the
vaporised water or solvent molecules to produce secondary reactant gas ions. These go
on to react with the analytes of interest to form molecular ions through proton transfer
or adduction of the reactant gas for positive ions and proton abstraction or adduct
formation for negative ions. As the molecular ions pass into the vacuum region the
solvent or gaseous water molecules are stripped away to allow analysis. The flow rates
for this technique are 0.2 to 2ml min”, however, the flow rates from CE are too low for

this ionisation technique and as such it is only suitable for HPLC.
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3.4 Mass analysers

As with ion sources there are many types of mass analyser, in all of which the ions

created in the ion source are separated according to their mass to charge ratio (m/z)

Mass analysers used today include quadrupole, ion trap, magnetic sector, cyclotron and
time of flight systems, of which the most widely used for capillary electrophoresis-

mass spectrometry is the quadrupole.

3.4.1 Quadrupole mass analyser

Quadrupoles are cheap and robust compared to other analysers. They are designed
such that there are four parallel rods, arranged in the manner as shown in figure 3.7.
The rods are connected to a direct current voltage (U) with a superimposed
radiofrequency (RF) potential (Vcos(ot)). V is the max amplitude, o is the angular
frequency of the RF voltage and t is the time. The distance between a pair of opposite

and electrically connected rods is 2r,.

Ions created by the ion source are ejected into the quadrupole analyser by a voltage of
5v which provides acceleration for the ions. When inside the analyser the ions follow
an oscillating trajectory governed by the effects of the electric fields from the rods. The
acceleration is a necessity for the ions to transverse the quadrupole, figure 3.8 shows
the electrical field variations from the rods. There is no applied field along the Z axis,
so without the acceleration ions would merely oscillate within the rod set up of the

quadrupole.
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As long as the motion in the x y plane remains less than ry the ions will traverse the

quadrupoles and be detected. The ions will not be detected if motion in x and/or y is

greater or equal to ro, here the ions strike the rods and are discharged.

2.2

0 = ————8zer2 Where U = au—n—l—w S
(mo7T,%) z 8e
2.2

(moT,”) zZ 4de

a, and q, determine if the ions of mass m are found to be in the stable region or not (see

figure 3.9).
a
Unstable
trajectory
U
Unstable trajecto b
Tajectory

Figure 3.9 Diagram showing a stability region for an ion of a particular mass.

Figure 3.9 shows the relationship between direct current voltage (U) and radio
frequency voltage (V). The two lines that cross the stable trajectory represent the

relationship between U and V; the slope represents the different ratios of alterations to
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U and V. The shallower slope covers a wide range of masses within the stable

trajectory region and thus allows a wide range of masses through the mass analyser.
The steeper slope covers a narrower area of the stable trajectory area and thus allows
fewer ion masses through the analyzer. To this end, to allow one ion of a particular
mass through the analyser, U and V must give a slope that crosses the stable trajectory

area that covers one mass unit.

However, when looking at several different masses of interest using a low slope is
inadequate, as many masses will travel across the mass analyser, this has the effect of
decreasing resolution for the peaks of interest. Figure 3.10 shows the stability regions
for three ion masses, and by altering the ratio of U and V, a slope that intercepts all
three stability regions can be obtained. This allows only the masses of interest through

by selective ion monitoring, increasing the resolution between the particular peaks.

U Mass 3

Scan

Figure 3.10 Showing the stability regions of ions of three masses.
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Within the collision cell two processes occur. The first is the collision of the ion with a

gas where the energy from the gas is passed onto the ion and converted into internal
energy to yield an ion in an excited state. Only a fraction of the energy is converted

into internal energy.

This is then followed by decomposition of the ion, collision induced decomposition or

dissociation (CID).

Two types of CID are found; high energy (keV) and low energy collision (eV). High
energy is used in electromagnetic or hybrid instruments, where a high energy gas such
as helium is used as the collision gas.

Low energy collision (1-100eV) is used in triple quadrupole and hybrid instruments,
where the collision cell is a quadrupole analyser operated in the RF mode only, to focus
the ions after collisions have taken place. Heavy gases such as argon are used where
low energy transfer occurs. Using a quadrupole for the collision cell allows multiple
collisions to occur along the length of the cell and high yields are seen.

There are a variety of scan modes possible with such instruments; product ion,

precursor ion, neutral loss and selected reaction monitoring.

In product ion scans, a precursor ion is selected in Q1 and then the product ions after
collision induced decomposition are scanned in Q3.
Precursor scan is carried out by selecting a product ion in Q3 , scanning the precursor

ions in Q1.
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In neutral loss, a neutral fragment is selected and fragmentations from the loss of the

neutral fragment are identified. Q1 and Q3 are scanned synchronously with a constant
mass offset between them.

In selected reaction monitoring, both Q1 and Q3 are used in selected ion mode. Ions are
only detected when both Q1 and Q3 are set for the correct masses.

Several reports,'**describe the use of tandem mass spectrometry with online capillary

electrophoresis.
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Chapter 4

The analysis of
Zinc dialkyldithiophosphates by nonaqueous capillary electrophoresis

with ultraviolet absorbance detection
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Experimental details

4a Chemicals and Reagents

All chemicals and reagents were of HPLC grade.

Methanol (99.99%, Fisher, UK).

Acetonitrile (99.99%, Fisher, UK).

Dimethyl sufoxide (99.5%, Sigma, UK).

Acetic acid (100%, BDH, UK).

2-Butanone (99.5%, Aldrich, UK).

Diethyl ether (99.8%, Aldrich, UK).

n-Hexane (95%, Fisher, UK).

Cyclohexane (99.5%, BDH, UK).

Ammonium acetate (BDH, UK).

Hexadimethrine bromide (Sigma, UK).

Tetramethyl ammonium hydroxide (25% in methanol, Aldrich, UK)

Methyl formamide (Aldrich, UK)

Benzalkonium chloride (Sigma, UK)

Salicylic acid (99%, Aldrich, UK)

Deuterated chloroform (99.96%, Aldrich, UK)

NMR Tubes (Aldrich, UK)

All ZDDPs were contained within a base oil, with an unknown concentration of ZDDP
and base oil blend.

All Alkylsalicylates used were of an unknown concentration contained within an
unknown base oil blend.

Formulated oil samples both new and used contained unknown concentrations of

additive package in an unknown base oil blend.
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