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ABSTRACT

Sﬁection of suitable reagent gases and
ion-source pféssures can lead to formation of mono-ionic
plasmas for chemical ionization. If sample ionization
occurs by a single mechanism, discrimination between
chemically different components in mixtures is possible.
This has permitted the analysis of specific components in
lubricating base oils. Ammonia chemical ionization of
esters, at ammonia pressures, ca.0.6 Torr, leads only to
the formation of the cluster ions (M.NH4)+. These
conditions have been used to analyse aviation lubricant
esters.

A method for ion-source pressure determination,

+

+
9 NHB' and

NH4+ plasma ions was developed from data obtained in a

of ammonia, directly from the abundance of NH

study of ion-molecule reactions consequent upon its electron-
impact ionization.

The collision-stabilized NO' ion, generated
from nitrogen-nitric oxide mixtures was used to ionize
synthetic hydrocarbon lubricants; semi-quantitative
determination of components were obtained. Aromatic
components in mineral oils, with ionization potentials
<9.1 eV, were pfeferentially ionized by the fluorobenzene
mélecular ion. The rates of reaction of selected
aromatic compounds with fluorobenzene molecular-ion have

been determined to permit guantitation. Good agreement

"RHC.
LIBRARY



with calculated collision rates (ADO) suggests a
direct charge transfer mechanism.

The dependence of ion-abundances of
primary ions derived from several fluorinated benzenes
have been investigated at ion-source pressures between

0.01 and 0.25 Torr.
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1.1 INDUSTRIAL INTRODUCTION
1.1.1 Lubrication and the composition of lubricating
oils.

A lubriqant, derived from lubricare4— meaning to
make slippery, is a substance that reduces friction and
resulting wear, bet@een two sliding surfaces. It can be
solid, liquid (studied in this work) or gas.

Examples of lubricants are to be found in nature,
e.g. the synovial fluids in the joints of mammals. Pré-
historic man used mud and reeds to lubricate sledges used
for dragging game or timbers and rock for building.

Animal fats were the first lubricants used on the axles

of carts and continued in wide use until the petroleum
industry arose in the late nineteenth century. Thereafter
the majority of lubricants have been based on cheaper and
more readily available mineral o0il products with superior
lubricating properties. Héwever esters based on naturally
occurring fats including mono-, di-, and triglycerides
derived from ijmwesterificatiqn or glgcerolysis of
lauric, tallow and vegetable oils are still used extensiv-
ely in the lubrication of food-processing machinery1 where
the possibility of contact between food and lubricant .
prevents the use of many petroleum based materials.

More recently, with the advent of the jet engine,
resulting in the need for greater thermal and oxidative
stability, there is a trend toward the use of synthetic
lubricants. However these are moré expensive than

mineral oils and are used where higher performance is
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required, e.g. modern turbo-fan jet engines.

During the lubrication process a pressure is
developed within the lubricant. This pressure balances
that applied to the two sliding surfaces maintaining the
Jubricant film and lowering the friction between them.
The pressure being generated either externally by pumps,
"hydrostatic lubrication" or by virtue of the shape of
the two surfaces, "hydrodynamic lubrication"*. The
ability of an o0il to lubricate when the applied pressure
is high is defined as its "load carrying capacity". In
order to function well the viscosity of liquid lubricants
should not vary greatly with temperature; the variation
of viscosity with temperature is defined by the "viscosity
index" (VI). (A large value of VI corresponds to a small
change in viscosity with temperature). iAs well as
retaining a desirable viscosity under normal operating
conditions the temperature at which a lubricant ceases
to flow, the '"pour point'',should be as low as possible in
order that difficulty is not encountered when starting
cold machinery. (e.g. Canadian winter temperatures
are often below -20°C requiring automobile crankcase
lubricants with low pour points in order that initial
engine turn-over may be achieved by the starter motor
~and that good lubrication is achieved well before the
engine has reached its normal operating temperature).

In addition. to lowering friction between two surfaces

lubricants should have good resistance to thermal or

A more full description of lubrication theory may be

found in "Lubrication and friction'", see Ref.2.
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oxidative degradation and aid in the prevention of
corrosion, The need to enhance these properties and
simultaneouély protect the oil against adverse working
environments led to the use of additives. Additives
to reduce oxidation, to inhibit corrosion of metal
surfaces, tb improve the viscosity index and load carrying
capacity, and to aid the dispersion of solid materials
in total now account for 15% of the weight of a typical
automotive lubricating oil. (See tables (1.1)).

The base oils that are the subject of this
study find principal uses in (i) automotive and (ii)
aviation lubricants. These applications are now
discussed separately. |

Until recently automotive oils were based
almost entirely on mineral oils. However present engines,
designed to enhance fuel economy requiring higher operating
temperatures, demand an improved performance of their
lubricants. Many manufacturers of lubricating oils are
now partly or totally replacing mineral oils by synthetic
materials (principally hydrogenated polyalphaolefins,
see(l1.1.2) and esters of dibasic acids, BSee(1.1.2))to
give higher‘thermal and oxidative stability, improve
viscosity index and lower pour point.3 Additives are
still required, in the same concentrations, to reduce
corrosion, wear and oxidation but lower concentrations of
viscosity index improver aﬂd pour point depressant are
required with synthetic oils. The composition of a

typical multigrade automotive oil is given in table (1.1).
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TABLE 1.1 Composition of a typical multigrade automotive

" lubricant.

|
Component Weight % Chemical composition

Detergent/ ) a

dispersants ) 10-15 Ca, Mg, Ba

Phenates/sulphonates

Viscosity index b .

Improver 10 Various polymers
' Antioxidant/ 1 Zinc dialkyl/diaryl- |
| antiwear - dithiophosphates }

i
Other antioxidants!- Variousinot necessarily present |

Extreme pressure 0.1 Sulphur and phosphorus |
‘ additives i compounds |
| |
i |
i Base oil ‘. to >80% (i) Mineral oil !
| |

(ii) Synthetic hydro-
carbons/esters or
mixtures with

! mineral oil

(a) Gasoline and diesel engine lubricants differ
in the ratio quantity and type of dispersant/

detergent.

(b) Less if synthetic base o0il used.
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The main requirement of aviation engine
lubricants is good thermal stability at the high
operating temperatures at which the oil must function.
(Hot spots up to SOOOC). This has been achieved through
the use of highly stable (thermally stable to 340°C) 2
synthetic esters of neopentyl polyols (see 1.1.2). As
weight is an important factor in aero-engine design,
gear surfaces are minimised and thus high load carrying
capacities are required. Jet engine oils are unlike their
automotive counterparts being drained far less frequently
and continuously vented to the atmosphere, the lubricant
tanks being topped up after each flight. It is
important therefore to minimise the formation of sludge
and other deposits, which would build up in the oil
circulation piping, as this leads to the need for costly
engine overhauls. Modern airlines, travelling between
areas of markedly differing climates require oils for
their aircraft with similar viscosities at starting
temperatures varying between -20 and +35°C whilst
retaining suitably high viscosities at normal operating
temperatures. Although esters of neopentyl polyols
have high thermal stability and exhibit high viscosity
‘indices, additives are still needed as illustrated by the

typical aviation oil formulation shown in table (1.2).
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" TABLE 1.2

Composition of a typical jet aviation engine lubricant

Component Weight % Chemical composition
Antioxidant ~1% (i) Hindered phenols
(two types) of each 2,6-ditertiary butyl-4-

methyl phenol
(ii) Aromatic amines
e.g. phenyl-a-naphthylamine

Anti-wear/ 2 -3 Complex additive mixtures
extreme

pressure e.g. substituted phbsphate

esters

Corrosion 0.2 or
inhibitor less

(may also
have anti-
wear
properties)

Anti-foam ~25 ppm Polysiloxane
agent

Base oil to >90% (i) Dibasic acid ester
("Type I lubricants")

(ii)Esters of neopentyl
polyols
("Type II lubricants'")
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1.1.2 Composition and physical properties of fluids

used as lubricant base oils.

Two types of synthetic hydrocarbon find
application as fluids for lubricant base oils (a) hydro-
genated polyalphaolefins and (b) synthetic aromatic
hydrocarbons. Polyalphaolefins are prepared by the
controlled oligomerization of alphaolefins (typically
of carbon number 8,10 or 12) using cationic or Ziegler
type catalysts5 resulting in fluids which are mixtures
of products up to a degree of polymerisation, ca 5.
Mixtures of alphaolefin o differing carbon chain length
may be used to increase the number of components in
the resulting fluid and thus reduce the pour point of
the final lubricant base oil. Hydrogenation, and
distillation to obtain fluids of desired viscosities
results in lubricants (see table 1.3) which show greater
thermal and oxidation stability, higher viscosity index
and lower pour point than refined mineral oils. The
thermal stability is ascribed to the inertness of
saturated aliphatic hydrocarbons and the enhanced viscosity
properties to the ability of long alkyl chains to uncoil
and recoil as the temperature is raised and lowered.
Synthetic aromatic hydrocarbons are normally prepared.by
Friedel Craqfts condensations of benzene or toluene with
alkyl chlorides or chlorinated alkyl aromatics (e.g.

2-Chloroethyl- benzene) to multi-substituted alkyl or
alkyl-aryl aromatics as shown in table (1.3). Although

these have better low temperature properties than refined
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TABLE 1.3 Synthetic lubricant base oils
Type of fluid Structure
Hydrogenated 'R - C - (CH2 - C )n— R2
polyalpha ' '
olefins CH3 R1
n=11,5
R,Rl,Rz various saturated alkyl chains
Alkyl aromatics ] R,Rl,Rz may be saturated
R R
alkyl chains or alkyl
” aromatics
R ‘

Aryl and alkylaryl
aromatics R
CH,)
m
R n

m=0-2, n=1-4

R and R1 normally H or CH3
Q 0 1
Dibasic acid esters R-0-¢C - (CHZ)n -C-0-1R

R and R1 are saturated groups

R1 = Rz or R1 ¥ Rz

n=4 -7




28

TABLE 1.3 Synthetic lubricant base oils (continued)

Type of fluid Structure
Esters of %
1
neopentyl CHy 0—C—R
polyols %
R C CH2 0—C -—Rz
0]
CH, 0— ¢ —g3
R may be CHS’ CZH5

or R4—— C— 00— CH2—-—
I
(0]

Rl,Rz,RS,R4 are saturated alkyl
groups and may be the same or

different.
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mineral oils they are not widely used in synthetic lubricants.
Synthetic ester fluids include (a) esters of

dibasic acids and (b) esters of the polyols

2-ethyl-2-hydroxymethylpropane-1,3-diol and

2,2-bis(hydroxymethyl)propane-1,3-diol. Dibasic acid

esters are prepared from either normal or branched-chain

alcohols (Carbon number 8-13) and acids of carbon‘number

6 to 9. Several different alcohols may be used concurrent-

ly for esterification resulting in a lubricant which is a

complex mixture of Nd different esters. Nd is given by

equation (1.1.1) for n > 1

. {n + 1)!
Nd = —————r
2 ! (n - 1) (1.1.1)
where n is the number of different alcohols. - Dibasic

acid esters are characterised by good thermal stability

up to 250°C ° Polyol esters may be prepared from
saturated normal or branched-chain aliphatic monocarboxylic
acids with the neopentyl polyols, 2-ethyl-2-hydroxymethyl-
propane-1,3-diol and 2,2-bis(hydroxymethyl)propane-1,3-diol.
The use of more than‘one acid (n) or polyol in the ester-
ification gives a base o0il containing several (N) esters
which results in a low pour point.6 N is the sum of

the number of different esters (Nr) resulting from each
polyol having r hydroxyl groups,esterified by n different

~

monobasic acids.

- 1
gp = (atr-1)!

r ! o(n-1) ! (1.1.2)
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The alcoholic portions of these esters have no hydrogens
on their beta carbons and as a result, cannot undergo
degradations by the mechanism5 shown in scheme (1.1).
This explains their high thermal stability (stable up to
340°C).

Refined mineral oils used as lubricants are
obtained by the methods illustrated insdwmc(l.l). They
are complex mixtures of typically aliphatic (20—45%)
alicyclic (20 - 45%) and aromatic ( 10 - 40%) hydrocarbons.
Compounds containing sulphur, oxygen and nitrogen are not
believed to be present in appreciable quantities ( ~ 1%).
Most sulphur containing compounds are deliberately
removed during refining otherwise ﬁndesirable corrosive
compounds would be formed, from their degradation, during
the lifetime of the lubricant. The aliphatic components
consist of branched-chain alkanes; much of the straight
chain wax type materials present in unrefined oil are
removed to lower fhe pour point and improve the viscosity
index of the fluid. Little is known about the alicyclic
portion of the refined oil but it is believed to consist
mainly of multi-alkylated cyclo- and dicycloalkanes.

The aromatic compounds are predominantly alkyl and cyclo-
alkyl, benzenes and naphthalenes. (See section (4.5.4)
for a more detailed discussion of the aromatic components

in refined mineral oil lubricants).

~
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SCHEME 1.1 THERMAL DEGRADATION OF ESTERS WITH BETA HYDROGENS

H\ ,,H\
R N B
R—C Yt g R CI CR.
v\‘(\/CRz \\\\ /,// 2

0] 0]

Cyclic Intermediate
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1.1.3 Methods currently used in the analysis of

lubricant base oils.

The importance of‘analytical methods to the
0il industry for characterisation of lubricant base
fluids cannot be overstated. To maintain quality
control it is necessary for the refiner to be able to
make comparisons of fluids derived from differing sources
prior to formulation into lubricants. On the other hand
base 0ils are analysed following extraction from fully
formulated oils during the coarse of evaluation of a new
lubricant. Analytical method development is an active
area of research and reviews appear regularly on new
methodology.7 The need for compatability between
different laboratories requires the publication8 of
standard methods, many of which are in regular use.

Methods of analysis of base oils may be sub-
divided into, (a) those providing physical data of the
bulk fluid, viz volatility, viscosity, density, flash
poipt, pour point, thermal and oxidative stability and
(b) those that lead to the elucidation of chemical
composition. As certain physical properties are
necessary for a particular lubricant (see section (1.1.1))
information gained from physical analyses indicate both
the suitability of a base fluid and the various additives
which will be required to generate the desired lubricant
performance. The Physicaf properties which are usually
specified in the description of a base fluid are

determined by standard methods,8 but these will not be
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discussed here.

Performance characteristics of lubricant
base fluids do depend on their chemical composition.
In mineral oil fractions the proportion of aromatic to
aliphatic hydrocarbon effects the thermal and oxidative
stability, while the degree of branching of aliphatic
chains effects the viscosity index. In the case of
synthetic fluids hydrogenated polyalphaolefins impart
excellent viscosity index properties, while B-hindered
esters (see section (1.1.2)) find application where high
thermal stability is required. The association of
beneficial properties with particular chemical structures
aids the development of new synthetic fluids.

Chemical compositions are typically presented
in one of two ways, (a) as the relative proportion of
each component or homogolous series and (b) in terms of

a hypothetical average molecule.9 The latter is useful

for making comparisons between oils and for monitoring
processes such as hydrogenation of a complex mixture

of unsaturated precursors when there are a large number
of components and identification of each component would
be very time consuming. Thus it is not surprising

that many of the methods reported in the literature are

for the determination of petroleum fractions.g’lo

13C and 1H n.m.r. are particularly suited for the
determination of average pd}ameters as the observations

depend upon the environment of atoms and on summationbut

do not distinguish between molecular components in
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mixtures. The percentage of aromatic and aliphatic
carbons in petroleum fractions is often determined using
the Brands11 infrared (IR) method based upon the intensities
of bands at 1600 crn_1 (aromatic ring breathing mode) and
720 cm™ 1 (aliphatic CH, rocking). This method is normally
used for samples with "aromatic contents'" lower than 20%
by weight. Similarly the weight percentage of alkenyl,
benzyl}2 naphthyl13 and polycyclic aromatic carbons are
determined by ultraviolet (UV) spectrometry. Although
average molecule data obtained using the methods is not as
comprehensive or precise as that obtaihed using a combin-
ation of 13C and 1H NMR spectroscopy, estimates can be
obtained more quickly and using less expensive instrument-
ation. The application to continuous monitoring of
refinery products makes the IR and UV methods very suitable
for quality control. However since the actual constituent
molecules may be very different from the average molecule
it is only possible to make limited correLatiqns of the
physical properties and performance to the relative
properties of functional groups derived by the above
methods.

When knowledge of the actual molecular
composition, rather than_a chemical characterisation, is
required methods which analyse molecules rather than
atomic environments haﬁe to be used. These "molecular"
analyses may be subdivided into (a) those requiring
separation prior to determination and (b) those where

analysis is conducted on the total sample. Obviously
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the latter method is more desirable, less time being

required than for the separation methods.

1.1.3.1 Mass spectrometric methods excluding GCMS
Standard methods for total hydrocarbon type
analysis of mineral oils by 70 eV electron impact (EI)
mass spectrometry have'been publishedlgnd are routinely
used for characterisation. Quantitation in these methods
is achieved by summing the intensities of fragments
believed to be derived from a particular type of hydro-
carbon (e.g. the cycloalkanes) the sum then being
multiplied by a suitable calibration (interference)

15 Consequently only a measure of the relative

factor.
concentrations of homogolous series (e.g. cycloalkanes,
n-alkanes) may be obtained. No information regarding

the relative concentrations of constituent members is
available. These methods are limited to fluids

having narrow boiling-point range (different interference
factors being required for different boiling fanges) and

low heteroatom content (less than 10%). In an effort to
obtain information concerning the molecular composition

of mineral oil fractions, low energy (8-10 eV) electron
impact high resolution mass spectrometry has been utilised%6
Here it is assumed that the energy pf the impacting electron
is sufficient to ionize a hydrocarbon molecule, and that
this is accompanied by little excess energy being imparted
to the ion. Consequently little fragmentation should

occur provided this excess energy is less than the

appearance energy of any fragments. Thus only the
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molecular ion of each component, of a mixture, should be
observed. High resolution mass analysis facilitates the
differentiation of ions of the same nominal mass but
different molecular formulae. Hence qualitative and
quantitative analysis may be conducted knowing mass to
charge ratios and relative abundances of the molecular
ions. As the ionization efficiency (number of ions
produced for a given electron current) varies with both
hydrocarbon type and molecular masss>suitable calibration
factors have to be applied. In practice only the
molecular formulae may be obtained using the analysis and
prior separation of aromatic from saturated hydrocarbons
is normally required as the higher electron energies
required to ionize the saturate (ionization potentials are
1 -3 eV greater than aromatics) lead to fragmentation of
the aromatics.v Additionally, the method suffers from
several drawbacks viz: (a) the degree of substitution

of an aromatic hydrocarbon considerably effects its
ionization potential (e.g. n-butylbenzene 8.68 eV and
1,2,3,4-tetramethylbenzene 8.18 eV)17 and ionization
efficiency, leading to a change in sensitivity with
degree of substitution, (b) the'low appearance potentials
(0 - 1 eV) of fragment ions of ions from saturated hydro-
carbons, give rise to considerable fragmentation and

poor analysis of fractions with high proportions of
saturatedhydrocarbons, and Zc) the change in ionization
efficiency with impacting electron energy is large when

this is close to the compoundé ionization potential.
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Hence small changes in electron energy cause considerable
change in observed relative intensities hindering the
compatibility of data from different laboratories and
instruments. Nevertheless remarkably good data appears
to be obtainable by this'method but another method for
its verification is highly desirable.

Recently there has been interest in the use of
chemical ionization mass spectrometry for the qdalitative
analysis of aromatic components in hydrocarbon mixtures:.ls’19
Although the possibility for quantitation has been

indicatedls’20

as yet no method has been published. The
use of chemical ionization mass spectrometry (CIIIS) for
the analysis of lubricating fluids will be discussed in

section (1.2).

1.1.3.2 Methods requiring prior separation -

In order to obtain the most complete chemical
description of a lubricating fluid it is still necessary
to resort to separation and characterisation of the
separated components, Gas liquid chromatography (GLC)
using various detectors, but principally the flame ioniza-
tion detector, is one of the main separation techniques.
The advent of capillary columns and resulting high
resolution has considerably increased both quality and
gquantity of data obtained. Standard GLC methods are
used for "fingerprinting' and calculation bf boiling point

-

distributions21 requiring less time and sample compared

with previously employed molecular distillation.22
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Dual detector systems, one being a selective detector,
have been used to gain further information on the
distribution of a particular functional group within the
lubricant. The selective detection of sulphur containing
compounds is of particular interest in lubricant analysis
owing to their cqrrosive nature. Direct GLC of synthetic
ester lubricants yields little information and it is
particularly difficult to distinguish dibasic acid esters
and those of neopentyl polyols. This problem is normally
surmounted by hydroiysis of the ester fluid, separation of
acidic and alcoholiec portions and subsequent methylation
of the acids followed by GC or GCMS of the resulting
alcohols and methyl esters. However this is time
consuming and the composition of the ester fluid must be
deduced from the fragments father than being directly
observed. More recently a combination of GC for
separation and quantitation and ammonia chemical jioniza-
tion mass spectrometry for identification has been
successfully applied to the characterisation of neopentyl
polyol ester lubricants.23 Similarly hydrogenated poly
(a-olefins) have been characterised using a combination of
gas chromatography and methane chemical ionization mass

24,25 Blends of different types of synthetic

spectrometry.
fluids, i.e. mixtures of synthetic and mineral oils are
increasing in popularity but are particularly difficult
to analyse. Subsequent development of preparative high

performance liquid chromatography (HPLC) using gradient

elution with silica columns26 has alleviated some of the
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problems by facilitating the separation of blends of
esters with either hydrogenated poly(a-olefins) or mineral
oils. Further analysis may then be éonducted on the
separated fractions. Equally, separation of aromatic
material in mineral oils may be éonducted by analogous
methods prior to low energy electron impact high resolution
mass spectrometry. Molecular weight distribution
information complementary to that determined by GC may

be evaluated by gel permeation chromatography (GPC)‘?6
However since molecular geometry influences the molecular
-size to weight relationship, true molecular weights are
only obtainable from analytical GPC if calibration curves
are evaluated using compounds 6f the same type as the
sample. Consequently in the case of complex lubricating

oils, one is restricted to expressing a molecular weight

as "equivalent molecular weight" to the series of compounds
used in the calibration. |

In summation the analysis of a lubricant,
particularly a full formulated one, i.e. additivés added,
will require the use of many if not all of the methods
described above. A useful guide to the order of use of
such méthods has recently been published.26 Further

discussion of lubricant analysis will be given in

section (4.5).
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1.2 GENERAL ASPECTS OF ION-MOLECULE INTERACTIONS
1.2.1 The use of mass spectrometers in the generation,

analysis and detection of iomns.

Ionization of sample molecules may be effected
by various methods. Three such methods entail the

passage of a beam of photons (photoionization), o-particles

(Radiolysis), or as in the current study, electrons

(electron impact ionization) through the vapourised sample.

‘A fourth makes use of the effect of a strong electric

field (field ionization) to effect sample ionization.

Ionization of organic molecules by the above methods

leads to the formation of so called "molecular ions'" which

are often unstable and fragment to form smaller ions

referred to as '"primary ions'". Additionally any of these

ions may effect ionization of a substance, since a
collision between an ion and molecule often results in an

ion-molecule reaction:

A"+ B —> c+ D' (1.2.1)

A mass spectrometer is an instrument which
utilizes ionization and subsequent fragmentation processes
for chemical analysis. A schematic diagram of such an
instrument is given in figure (1.1). In this study the
ionization of gases and vapours, introduced through various
inlet systems (see section (2.2)), was effected by electron
impact in the ion-source, which is described in detail in
section (2.2). When sample pressures are low (<10_5Torr),

ion-molecule reactions are unlikely to occur and the

ions pass out of the source and are accelerated by means of
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an electric field maintained between the ion-source exit
slit and a slit some 2-3mm removed from it. The latter
slit is also used to focus the ion-beam and the sign of
the potential applied to it determines whether positive or
negative ions are extracted from the source. The ions
next pass into the analyser where they are separated
according to their mass to charge ratio (m/z). The
focused ion-beam then passes through a second slit,

("the collector slit") which may be adjusted to increase
or decrease resolution, and finallyAimpinges on the
detector. The signals generated, are amplified and
recorded. A good vacuum, ca.lO_6 Torr, is maintained
in: the region surrounding the ion-source, the analyser,
and the detector in order that ions do not undergo
reactions with neutral molecules after exit = from
the ion-source.

A number of different‘types of mass analysers
and ion detectors are employed in mass spectrometer
systems. Details of these may be found in books by
Beynonz7 and McFadden.28 The system employed in this
work consists of a magnetic-sector analyser and
electron-multiplier tube detector.

It may be shown that an ion of mass, m, charge
z, accelerated through a potential difference of V volts
and deflected byAa magnetic field of strength B, applied
perpendicularly to the plame of accéleration, will

prescribe an arc of radius r in accordance with equation

(1.2.2).
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m/z = eB2r2/2V (1.2.2)

Mass spectrometers employing magnetic-sector analysers
are_generally constructed with a fixed radius-of-curvature
so that for given values of B and V ion-beams with m/z
given by equation (1.2.2) will pass through the collector
slit and be detected. Thus systematic variation (scanning)
of either the magnetic field or accelerating voltage,
results in systematic variation in the mass-to-charge
ratio of ions reaching the detector.

Generally ionization and subsequent fragmentation
of sample molecular ions occurs in the ion-source.
However sorie ions are metastable, remain intact upon
withdrawal from the ion-source but fragment during
acceleration. When this happens a diffuse peak appears
in the spectrum, often at a non integral mass. In spectra
obtained using mass spectrometers with magnetic-sector
analysers the positions of peaks arising from fragmentation

b 3
of metastable ions (m ) are given by equation (1.2.3)

* Mo — (1.2.3)

where my is the metastable idn mass and m, the mass
of the resulting fragment. Observation of diffuse peaks
resulting from fragmentation of metastable ions is useful
in suggesting pathways from molecular ions to primary ions
and examples of such Will be discussed later.

Descriptions of the constructiqn of electron

multipliers and their mode of operation may be found
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elsewhere. However,the possible mass discrimination which

may result from their use will be discussed in section
(2.2).

1.2.2. Reaction between ions and molecules in the

gas phase.
If ion-source pressures are increased greatly

above that mentioned above (to ca. 0.01 Torr) collisions

between ions and molecules will result, and ion-molecule
reactions may take place. In 1916 Dempster29 observed
an ion of m/z = 3 in the mass spectrum of hydrogen and
suggested that this might be H3+. Later observations by
Hogness and Lumg30 and Smyth31 that the intensity of the
ion-beam m/z = 3, resulting from the ionization, of
hydrogen varied with pressure led to the suggestion by

32

Smyth that H3+ was formed by the ion-molecule reaction.

+ S +

Byt + Hy, ——> Hy +H — (1.2,4)

2

In 1928, Hogness and Harkne5333 reported reactions of both
' +

positive and negative ions in iodine showing that 12- was

formed both by electron impact and by charge transfer from

I+ and that 13+ arose by reaction of 12+ with neutral iodine.

(1.2.5)

The only primary negative ion observed was I, which

underwent charge exchange with I, to form 127

D+ ly — '+ Iy (1.2.6)
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Further I37 was formed by the reaction

-

I,- + 1

0 g —y IgT+IT  ——— (1.2.7)

Reaction (1.2.4) was studied theoretically by Eyring,

34

Hirschfelder and Taylor in 1936 and they predicted a

value for the collision coefficient. Excellent agreement

was observed between this and an experimental result

obtained subse_quently.35
However it was not until the observation by

Stevenson and Schissler,36 and Field, Franklin and

Lampe 37 in the United States, and Tal'roze and Lyubim,ova?8
in the U.S.S.R.of the formation of CH5+ by reaction (1.2.8),
in the 1950's, that the study of ion-molecule reactions

as now recognised began.

| CH4T + CH, —> CH5+ + CHg- —(1.2.8)
Later in 1965 while-studying reaction (1.2.8) and others

in methane at high pressures (ca. 1 Torr), Field and

Munson noted that small concentrations (ca.1%) of impurities,
e.g. ethane39 or water40, had dfamatic effects on the spectra
of ions obtained. The subsequent explanation that the
observed spectra resulted from reactions of CH5+ and C2H5+

derived from methane, with neutral species led to the

first description of chemical ionization mass spectrometry41

by these researchers in 1966. This method of ionization is
now used extensively and the current state of the technique
is discussed in section (1.3).

The principal types of reaction known to occur
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between ions and molecules in the gas phase are:
charge exchange reactions, exchange of protons, hydride
ions or atoms and clustering processes. Examples of

proton transfer, atom transfer and charge transfer were

given in reactions (1.2.4) to (1.2.6) respectively.

Examples of hydride transfer are found in the reactions of

carbenium ions with alkanes

as first observed by Field and Lampe42'in 195%. Clustering

processes have been extensively studied by Kebarle.43
Examples of such reactions are
oy F e e T
NH3 + NH4 _— (Nh4hh3 ) (1.2.9)
- + . +
NH, (NHg)  , + NHg -——> NH, (NHg) (1.2.10)

An example of two-atom-transfer reactions is the Hz

transfer reaction44
+ +
CSD6' + C4H10 _ C3D6H2 + C4H8- (1.2.11)

As well as the large volume of kinetic data
massed from experimental studies of ion-molecule reactions,
considerable effort has been expended on theoretical
treatment of ion-molecule reactions. Of particular
relevance to the work described here is the Average
Dipole Orientation theory (ADO) of Su and Bowers.45

This theory uses statistical methods to calculate the
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average orientation of polar molecules in the viscinity of
an ion and then a Langevin procedure to calculate a

collision capture rate constant. More recently the

above authors have found it necessary to consider the
conservation of angular momentum, during collisions between

ions and polar molecules, to obtain theoretical rate

constants and have developed the AADO46 theory. Comparison

of the capture rate constants with experimentally determined

rate coefficients has considerably aided in development

{ ~

of reaction mechanisms (Vide infra). o’

1.2.3 " Chemical ionization mass spectrometry

| As already indicated in section (1.2.2) ions,
formed by initial ionization of a gaé, may €ffect ionization
of other molecules by ion-molecule reactions. This forms

the basis of chemical ionization mass spectrometry.47

In chemical ionization mass spectrometry a gas,
the reagent gas, is present in the ionésource at relatively
high pressures (ca. 0.1 - 2.0 Torr). Ionization is

effected in the normal way in the current study by electron

impact. The 'primary ions' collide with the neutral gas

and 'secondary_ions' are formed in the resulting ion-

molecule reagtion. These secondary ions may now react
with a second substance, i.e. the sample, introduced to
the ion-source at a suitably low concentration (ca. <1%),
to prevent possible ionization by the electron bean.
Chémical jonization may be illustrated by some
reactions that occur when ammonia or nitric oxide is used

as reagent gas. Electron impact of ammonia results
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in the formation of the molecular ion-radical NHBT

which then fragments to a variety of primary ions, e.g.
e F
NH2

NH,T — 1\1}12+ + H- (1.2.12)

The primary ions then separately react with ammonia, e.g.

+ ' ' +
NH,  + NH; ——> NH, + NH (1.2.13)

<

The ammonium ions so formed may then react with sample
molecules (MH) in either a proton exchange (1.2.14) or

an association (1.2.15) reaction.

NH," + MH —> NH, + MH2+ (1.2.14)
m/z=18 .m (m+1)
+ +
NI—I4 -+ MH —— (NHS.MQQ (1.2.15)
m/z=18 m/z=(m+18)

Proton exchange is the preferred reaction path only
when the proton affinity of the sample is greater than
that of ammonia.

When nitric oxide is the reagent gas Not and
(NO)2+ result from initial ionization and subsequent ion-
molecule reactions. The relative proportions of NO©
and dimer ion (NO)2+ will depend on the reagent gas
pressure in the ion-source. Sample ionization is
effected by NO+ via charge or hydride exchange reactions
and by NO+ exchange from (NO)2+ as shown in reactions

(1.2.16)-(1.2.18) respectively.
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Not + ME —> No + MEY (1.2.16)
m m/z=m
+ +
NO + MH ——> NOH + M (1.2.17)
m m/z=(m-1)
- + _ +
(NO)2 + M ——> NO + (MH.NO) (1.2.18)
m/z=(m+30)

The ionic products of these reactions may
decompose before leaving the ion-source, but such
fragmentations are more easily rationalised than those
resulting from electron impact ionization, e.g.

\

0]

I o o HaN-Hig+
+ I ' ] // '
NH, " + R-0-C-(CH,) - C-O-R §> R-0-C-(CH,), -C-0-R
{>-H---NH,
O+ 0
R-0-C~(CH é,o ' C ¢ =
~C-(CHy), - i?—R —> R-0-C-(CH,) -C = O
+
1
ROH.NH

3

Since the quantity of energy imparted to the product ion
is normally far less than in electron-impact ionization
fragmentation is considerably reduced. Whereas the
electron-impact mass spectrum of a sample may not show

the presence of molecular ions, the corresponding chemical
ionization mass spectrum usually does, aiding relative
molecular mass determination. Often suitable choice

of reagent gas and ion-source pressure can result in

little or no fragmentation of product ions. Additionally

since sample ionization results from a chemical reaction,
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compounds with differing functional groups may be ionized
by different reactant ions generated from the same or
different reagent gases. (See section (1.3)).

A wide variety of reagent gases are now available
for both positive and negative ion chemical ionization
and several review articles on their use have been
published.48’49’50

1.2.4. " Some current mechanisms of bimolecular

Bimolecular reactions may be conveniently divided
into association reactions (e.g. (1.2.9) and (1.2.10)) and
exchange reactions, e.g. ((1.2.4) - (1.2.7)). The latter
may further be divided into fast exchange reactions which
proceed at or near unit collision efficiency (rate

10

coefficients ~> 5 x 10~ cm® molecule_ls_l)and slow

processes with collision efficiencies substantially below
-10 15—1).

Collision efficiency being defined as the number of capture

unity (rate coefficients ~zx 5 x 10 cm3 molecule”
collisions which result in reaction to products, all

reactions are considered to pass through a . .. —.  ~.

collision complex (AB+)*formed in a capture collision.
This activated complex may be (a) collision stabilised
by a third body (M), resulting in a cluster ion
(reaction (1.2.19)), (b) collision-dissociated to
products (reaction (1.2.20)), or (c) proceed to products
within one vibratiohal periced of the complex (reaction
(1.2.21)) as in fast excﬁange reactions or dissociate

back to the reactants.
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. k, P N
A" + B —(AB) —> AB (1.2.19)
k M
b
i ]
kn ¢+t (1.2.20)
M
~—>C+D" (1.2.21)
1.2.41 Fast exchange reactions -

These are typified by exothermic charge exchange
and some proton exchange reactions. Experimentally
determined rate coefficients have been found to be
comparable with collision capture rate consténts estimated
using ADO45 and AADO46 theory. Reactions are hence
deduced to proceed at near unit collision efficiency.

The energy profile for such reactions is given in

figure (1.2).

1.2.4.2 Slow exchange reactions -

These reactions which proceed with collision
efficiencies substantially below unity are typified by
hydride exchange reactioﬁs of carbenium51 ions and
include many proton exchange reactions.52 The low
collision efficiencies may result from either an energy
barrier higher than the energy of the separated reactants,
or occurrence of a long lived collision complex whkich
may require collision with a third body to give the

products or dissociate unimolecularly either back to the

reaétant or to the products. These possibilities are
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SCHEMATIC POTENTIAL ENERGY DIAGRAMS

FIG(1.2) Fast ion-molecule reactions.

A+ B

FIG(13) Slow ion-molecule reactions

A+B
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discussed at length in section (4.1)and (4.2). A typical energy
profile for such reactions is given 'in figure (1.3) for

comparison with that given for fast exchange reactions.

1.2.4.3 Association reactions -

These may be divided into clustering reaction;,
where the product ions are held together by weak bonding,
and condensation reactions where hew covalent bonds are
formed. Oniy clustering reactions will be discussed here.
53

The energy transfer mechanism first proposed by Rabinowitz

is considered to be applicable to ion-molecule reactions
54

as demonstrated by reseafchers such a Bohme and
Meot-Ner and Field®® (Reactions (1.2.22) and (1.2.23)).
+ kc: +. ¥ : 9
A"+ B —— (A'B) (1.2.22)
kp
+ * | km +
(AB) +M ——> AB + M (1.2.23)

By applying the stéady state hypothesis to the collision

* ,
complex (AB') the rate constant (kf) for forward reaction to

AB+ may be written as
kKo Ep o) (1.2.24)

kf =
K, + kK ()

At low pressure km(M) < < kb

kt = F¢ Eno o) | (1.2.25)

ky

Thus the apparent second order rate coefficient kf increases

linearly with (M) at low pressure and the reaction exhibits
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third-order kinetics.

Such clustering reactions are often characterised
by a change from third order to second order kinetics as
the gas pressure is increased. This mechanism will be
shown to be applicable to explain the change in kinetic
order observed in reactions of NH4+ with ammonia (see
section (4.2)).

For a more detailed discussion of the effects
of temperature and pressure on reaction rates and
mechanisms of ion-molecule reactions the reader is referred

to the recent article by Meot-Ner?6

1.2.5 Study of ion-molecule reactions and evaluation

of rate coefficients.

1.2.5.1 Reasons for the study of ion-molecule reactions -
Ion-molecule reactions are know to play an

57

important part in the chemistry of flames, the ionosphere58

and interstellar clouds.59 Clearly a greater understanding
of ion-molecule reactions in the combustion of hydrocarbons
is of prime importance tb a society whose principal source

of energy is the combustion of fossil fuels and should lead
to more efficient combustion to gain the maximum possible
energy return,.

Recently rwuch concern has been expressed regarding
possible detrimental effects of aerosol solvents and other
pollutants on ozone levels in the ionosphere. Ozone,
which is known to restrict %he quantity of ultraviolet

radiation reaching the earth's surface, is itself formed

in ion-molecule reactions. In fact changes in the
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ionosphere are largely determined through ion-molecule
interactions. It is hoped that through a greater
understanding of the evblution of the ionosphere it may
be possible to give long range forecasts of climatic
change.

Additionally ion-molecule reactions are known

60 and

to play important roles in Radiation chemistry
processes occurring in the recently developed short
wavelength molecular electronic transition gas 1a.sers.61
| However the particular reasons for the present
study of ion-molecule reactions are associated with their
use in chemical analysis, viz. the chemical ionization

mass spectrometric analysis of lubricant fluids. These

reasons are discussed later in section (1.3).

1.2.5.2 Methods for the study of the kinetics of
:ion-molecule'reactions -
Some of the more common methods used in the study
of ion-molecule reactions are, continuous ion-extraction
mass spectrometry,62 ion/py;kotron/resonance spectrometry63

drift-tube mass spectrometry64, flowing-afterglow mass

spectrometry65 and more recently selected-ion-flow-tube
mass spectrometry.66 Only the method used in the current
study, namely continuous ion extraction, will be discussed

here. For further details of the other methods the reader

is referred to the references given above.

-

1.2.5.3 The use of continuous ion-extraction mass
spectrometry for the evaluation of rate coefficients

of ion-molecule reactions -
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A mass spectrometer permits rapid’and accurate
measurement of the intenéities of ion-beams resulting
from both reactants and products of reaction (1.2.1)
and therefore provides a convenient means for the study
of ion-molecule reactions. The concentrations of ions
in the ion-source are much lower than that of neutral
molecules and consequently the probability of a reaction
between an ion A¥ and neutral molecule B,following pseudo first
order kinetics,is far greater than that for.a reaction
between an ion and any neutral fragment.

The rate equation for disappearance of At by
reaction (1.2.1) is

S
dt

integration gives
+1og £A+J/£A;] = -k{Blt (1.2.26)

k is the rate coefficient and 1 the mean residence time

of the ion A in the ion-source, [A'] the instantaneous
concentration of'At and {A;} the- concentration. of A+.in
the absence of reaction (1.2.1). Clearly measurement

of the ion-source pressure of B and estimation of the mean
residence time T are required in order that the rate
constant may be determined. Preésure measurement

used is described in section (2.3.1) and methods used

_for estimation of T are given in section (3.1.2).

+ "log" will be used to indicate natural logarithms (1n)

throughout this discussion.
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DProvided that equal intervals of time are spent
collecting ions of different m/z, the magnitude of the
signals generated by the detector will truly reflecct the
ion-beam currents,which in turn will truly reflect the
concentration of ions in the source. So by arranging
that mass spectral peak widths do not vary with m/z the
relative concentratidns of iomns, N+, m/z = n, will be given
by In/ZI where In is the area of the relevant peak and I
the sum of the areas of all peaks in the spectrum, (i.c.

the total ion-current). The quantity In/II will be referred

to as the relative ion-current and equation (1.2.26)

becomes

D - _x st (1.2.27)

None of the above stated éonditions for equation
(1.2.27) to be valid are strictly adhered to in continuous
ion extraction mass spectrometers since collimatibn slits,
electron multiplier tubes and extraction of ions from the
source are all known to lead to mass discrimination. lowever
some effort has been made to minimize these as described
in section (2.2).

The rate coefficients determined are al best

time~-averaged rate constants

T

= .]; 2 92
Kexp Tf K(t)dt (1.2.28)

o

-

In order for the value of k_ to be independent of the

Xp
conditions under which it was determined the following
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assumptions must be true: (i) any electric field must be
uniform within the ion-source, (ii) the reactant ions
initially should have thermal energies, (iii) the electron
beam should be narrow in order that the position of ion-
formation may be well defined. If these assumptions

are valid then

t = vi/V, (1.2.29)

where v is the instantaneous velocity of the ion and
Ve the ion-velocity at the ion-source exit. Then
equation (1.2.28) becomes

Ve'

k = k(v)dv {1.2.30)

1
exp
Vv
e

and kex is equated with a velocity averaged rate constant.

p
Rate constants from continuous ion-extraction mass spectro-
meters can only be compared to those obtained from another
method if the above‘assumptions are true and then only if
the exit velocity of the ions are the same in both cases.
The above assumptions may be tested by some expériments
described by Henchman?4

Another difficulty is that a reaction may occur
with an ion having a range of energies, O<E$ E_, where E_
is its ion-exit energy. Additionally the energy
distribution varies as a function of pressure owing to

differences in attenuation of ions along the reaction path.

However these effects can be minimized by reducing the
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range over which pressure is varied and maintaining the
same conditionsof temperature, electric field strength
and electron energy.

When reaction rates are determined by chemical
ionization mass spectrometry reagent gas pressure, electric
field strength, ion-source temperature and electron energy
are held constant. Sample pressures are much lower than
reagent gas pressures and provided sample pressure is only
varied over a small range, the reactant ion energy distrib-
ution should be independent of'the nature of the sample.
Thus although the rate constants obtained may be in error
by a factor of two64 as a consequence of the lack of

validity of assumption (i) - (iii) relative rates should

be accurate and may therefore be compared.
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1.3 CHEMICAL IONIZATION MASS SPECTROMETRY IN THE

ANALYSIS Of COMPLEX MIXTURES WITHOUT THE NEED

FOR PRIOR SEPARATION

The basis of chemical ionization mass spectro-
metry has already been discussed. Attention was drawn
to the fact that suitable choice of reagent gas can result
in 1little fragmentation of the ionic species produced.
Additionally through a correct choice of reactant ion,
preferential ionization of chemically different compounds
may be achieved. In this study chemical ijionization
methods have been developed for the analysis of lubricating
base fluids (see(1.1.1) without the need for prior

separation of the many components in these fluids.

1.3.1 Mixtures containing compounds of the same

chemical type.

In this study such mixtures were typified by
synthetic lubricants, namely hydrogenated polyalpha-
olefins and ester fluids (see (1.1.2)). The reagent gases
methane, nitric oxide and mixtures of nitric oxide and
nitrogen wefe used in the analysis of hydrogenated poly-
alphaolefins. Ammonia was found to be a suitable reagent
for the study of ester fluids. A brief discussion of the

use of these reagent gases by other workers now follows.



62

1.3.1.1 The use of Methane, Nitric oxide, and Nitric
oxide/nitrogen mixtures as reagent gases in the
chemical ionization of hydrocarbons -

Shortly after chemical ionization (CI) mass

spectrometry was first used41, Field and Munson published
a series of papers dealing with methane CI of paraffin867
69 70

olefins and acetylenes68, cycloalkanes,” and aromatics.
Bombarding methane with electrdns at ion-source pressures
of ~1 Torr produced a reagent gas plasma composed primarily
of CH5 and Csz . The principal mode of reaction of
these ions was dissociative and non-dissociative hydride
exchange (reactions (1.3.1), (1.3.2)), resulting in
production of ions of mass (M-1) where M is the sample
relative molecular mass. Addifionally a series of

alkyl fragments of formula C H were formed

2n+1

which accounted for >32% of the ion current.

+ + T
CHg  + CypHgg 7  CioHgy * CHy * Hy

(1.3.1)

+
Collg + CypHag 7 Ciof 01 * CoHg

(1.3.2)
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This represented a dramatic improvement over electron
impact mass spectra in which the sample ion-current is
typically divided between C2—C5 fragments (80%), higher
mass alkyl fragments (11%) and the molecular ion (M+)
(0-4%). More recently Howard, McDaniel, Nelson and
Blomquist25 have obtained spectra of long chain alkanes,
derived from insects, using methane reagent gas at an
ion-source pressure of 0.5 Torr. They suggested that
differences in the distribution of alkyl fragments in
'spectra of different alkanes can be related to position
and length of branch chains.

Electron impact of nitric oxide at an ion-source
pressure of 1 Torr fesults in the formation of NO' and

(Nog. Hunt and Harvey71

showed that reaction of these
ions With saturated hydrocarbons resulted in chemical
ionization spectra where more than 90% of the sample
ion-current arises from ions corresponding to M-1, M-3
and ((M+30)—2)+. However owing to the short filament
life when using pure nitric oxide ( ~ 6 hrs) it was found
necessary to use a mixture of ~20/1 nitrogen to nitric

oxide as reagent gas. Here the N2+ ion produced in the

initial electron impact ionization reacts by a charge
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exchange reaction with nitric oxide to produce the
having after multiple collisione

nitrosonium ion A. low internal energy. Subsequent

reaction of this ion, primarily by hydride exchange,

with saturated hydrocarbon (reaction (1.3.3)) results

+ . +
NO 7+ Cigloy —> C10H21 + NOH (1.3.3)

in chemical ionization spectra in which more than 75% of
the sample ion-current is carried by ions corresponding

to (M-1). Hunt and Harvey71 suggest that the reduction
in fragmentation observed when using nitric oxide/nitrogen
mixtures can be attributed to formation of sample ions
with insufficient internal energy to surmount the energy
barrier, of some 88 kJ mol_l, for fragmentation by

loss of olefins (e.g. reaction (1.3.4))

\/\/\/é}/\”%/\/\/‘*—é/\(l.s.m

1.3.1.2 Ammonia chemical ionization reagent gas -

Upon électron impact ionization the ammonium
. .+ ' . . .
ion, NH4 , results from ion-molecule reactions of primary

72,73 and the'f'modynamics43’74

ions. Both the kinetics
of subsequent cluster formation (NHS)ﬁNH4+ have been
extensively studied and the magnitude of n found to
increase with decrease in gas temperature, and increase
in ion-source pressure. Under normal chemical ionization
the reagent gas spectra is dominated by NH4+ (m/z=18)
and NHS.NH4+ (m/z=35)vions.'

As already mentioned NH4+ reacts by proton
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exchange with compounds having a proton affinity (PA)
greater than that of ammonia (845 kJ mol™}) and by

association with polar compounds. Little reaction with

.+ 1 795

Nh4 is observed for compounds of PA < 790 kJ mol~
Thus ammonia has been found particularly useful in

ionization of organic compounds containing oxygen and/or

nitrogen,  namely, alcohols,76 ketones, ¢+ 78

79 80

carboxylic

amines?1 nitro-
82,83,84

acids, dicarboxylic acids, esters,
compounds, and many natural products.

| Deuterated ammonia (NDS) CI of compoundé
containing active hydrogens results in ionic species
with masses of M+m where MAis the mass of the corresponding
ion when using ammonia CI and m the number of replaceable
hydrogens. Using this phenomena Buchanarf51 was able to
distinguish primary, secondary and tertiary amines.

More recently much atténtion has been directed

to studies of ammonia CI of monosubstituted benzenes
(C6H5X) where X = C1,Br,I, and NO,. It has been suggested85
that the ion formed corresponding fo [CGHSNHZJ+ results

from electrophilic aromatic ips¢ substitution.

Ammonia is also finding use as a reagent gas
for hegative ion chemical ionization and recent publications
have'inciuded CI of phenothiazine586 and selective ioniz-
ation of sulphur compounds in gas oils.87

Finally, since little énergy is transferred to
sample molecules duringtheifionizationknr NH4+, molecular

mass information may be obtained for molecules containing

. . 88
particularly labile bonds. (e.g. in explosives 7).



66

1.3.2 Mixtures containing compounds of more than one

chemical type.

Mass spectroscopic analysis of all the compounds
having a particular functional group in a mixture containing
compounds of several different functionalities is often
required to obviate the need for prior separation; this
is often time consuming and may not give perfect résolution
of the compounds of interest. Recently there has been
great interest in this use of chemical ionization mass
spectrometry, particularly in fossil fuel analysis where
the man& conmponents inhibit full chemical type separations.
Several general reviews have been publishedsg’20

on application of positive and negative ion CIMS which

are now discussed separately.

1.3.2.1 Selective positive ion chemical ionization -
Discriminatory ionization relies on generation

of a mono-ionic plasma of an ion which reacts via a single

channel with compounds of a given functional group.

Additionally for mixture analysis little energy should be
imparted during sample ionization to minimize fragmentation.
To date reagent gas ions reacting by charge or proton
exchange have proved useful.

Wayne Sieck has used the C6H12T ion, generated
by photo-ionization of cyclohexane, for preferential

ionization of aromatic components in gasoline and light
18

-

fuel oils. Discrimination is achieved since compounds

of ionization potential greater than cyclohexane

(IP = 9.83 eV)17 (viz saturated hydrocarbons (see fig.(1.4)))-



FIG(1.4)  lonization Potentials of some Hydrocarbons.
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are not ionized)as charge exchange from C6H12T would be
endothermic. The method was primariiy used for
fingerprinting gasolines derived from different sources
but possibilities for quantification of the results
were indicated.

Ammonia CI has been used to effect preferential
ionization of basic polar compounds, with proton
affinities > 790 kJ mol—l,innon—polar matrices. (e.g.
the selective ionization of nitrogen compounds in coal

liquids.?9)

1.3.2.2 Selective negative ion chemical ionization -
Selectivity is normally achieved by either the
capture of thermal electrons (1.3.5) or through proton

exchange reactions (1.3.6).

AH +efgherma1 —> A6l T (1.3.5)

AH + BB ——> A + BH (1.3.6)

Methane and ammoﬁia reagent gases act mainly as moderators,
in negative ion chemical ionization (NICI), producing
copious quantities of thermal electrons which ionize
samples with high electron affinities as reaction (1.3.5).
Preferential ionization of aromatic compounds, containing

a acidic hydrogens, using OH ions generated from N20/
hexane mixtures has facilitated fingerprinting of fossil

20 and crude oils.91 Ionization resulting from

fuels
proton abstraction (reacti&n (1.3.7)) gives abundant (i-1)

ions. Unfortunately the rate of reaction (1.3.7) is

\
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dependent on the ease of removal of Hf, (i.e. the
relative acidity of the oa-hydrogen). Thus rates of
reaction and hence CI sensitivities for different isomers,
having the same nominal mass, are markedly different,

and the technique not readily applicable to quantitation.

+ 'OH -> 4+ H,0 (1.8.7)

~CH, >CH
CH;, CH,

Recently CI generated from carbon tetrachloride
has been used for the preferential ionization of organo-
metallic compounds 92 used as anti oxidant additives in
lubricating oils. (e.g. zinc dialkyldithiophosphates
(ZDDP's), fig (1.5) ). Provided a suitable ion-source
pressure of CCl4 is used ionization of a sample MLZ’ where
M represents the metal ion and L the ligand, results in

formation of two species [ML201J_ and L.

Fig. (1.5)

\/ \/O""
/ \ a

R— S —Zn ——S —2R

Zinc dialkyldithiophosphate
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EXPERTMENTAL

2.1 MATERIALS

2.1.1 Reagent gases

2.1.1.1 Cylinder gases -

The reagent gases methane (B.D.H.; 99.0%) and
isobutane (B.0.C.; 99.5%) were passed over molecular sieve
and activated charcoal before admission to the mass .
spectrometer. Ammonia (Matheson 99,.96%) and nitric
oxide (Matheson 99.0%) were used without further
purification.
2.1.1.2, Reagent gases which are liquids at standard

temperatures and pressures -

Methylcyclopentane (Aldrich Chemical Co. ; 98%)
was dried over mdlecular sieve, type 4A and distilled
prior to use. Methylcyclohexane (Aldrich Chemical Co.;
99%) was washed with concentrated sulphuric acid to remove
aromatic hydrocarbons, dried over calcium chloride and
distilled. All fluorinated benzenes (Fluorochem Ltd.)

T (stationary phase

were purified by preparative g.l.c.

10% SP100 on chromosorb W) to better than 99.9 + %,
*

e.g. Fluorobenzene 99.99% by capillary g.l.c.

2.1.2, Mass spectrometry standards

Tris(pentafluoroethyl)~-s~triazine (Lancaster

Synthesis Ltd.) was used without purification.

* . -
Fluorobenzene of suitable purity may be obtained from

Hoescht Ltd.

TThe author wishes to fhank DProfessor V.Gold of King's College
for the use of the prep instrument.
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2.1.3. Preparation of esters

2.1.3.1 Esters of dibasic acids -

The dibasic acid esters, table (2.1) were
prepared by the method described below for the preparation
of bis(2-ethylhexyl) hexanedioate. The esters were
characterised by NMR, IR and mass spectrometry.

To a mixture of hexﬁnedioic acid (10 g, 0.069
mole), 2-ethylhexanol (28.6 g, 0.22 mole) was added
conc. sulphuric acid (4 g) dropwise with warming. After
refluxing for 6 hr with continual removal of water, the
mixture was poured into water (100 cm3) and the organic
layer separated. The aqueous layer was extracted with
diethyl ether ( 2 x 25_cm3). The combined organic phases
were washed with saturated sodium hydrqggfbonate, water
and then dried over anhydrous sodium sulphate. After
removal of solvent the residue was distilled under
nitrogen at 0.1 mm Hg pressure. Other di-esters were
prepared by analogous mefhods and solid products recryst-

allised from acetone following their distillation.

2.1.3.2 Esters of 2,2 bis(hydroxymethyl)propane-1,3~diol
and 2-ethyl-hydroxymethylpropane-1,3-diol. -
Esters of the polyols 2-ethyl-2-hydroxymethyl-

- propane-1,3-diol (table (2.2)) and 2,2 bis(hydroxymethyl)-

prépaneel,S—diol (table (2.3)) were prepared by the method

described below for the preparation of 1,3-propanediol-

2-ethyl-2-butylcarbonyloxymethyl-dipentanoate. The esters

were characterised by NMR, IR,'and mass spectrometry.

To a mixture of pentanoic acid (25.5 g, 0.25 mole),
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Esters of dibasic acids

Name Boiling Melting Refractive Density Yield
goint point index %
C oC n 20
..... - "Dag /O

Bis(2-ethylhexyl)- 160 1.4480 0.9096 89.44
hexanedioate 0.1mm Hg (1.4471)T

(190-200 (1.4450)%

@1) #
Bis(1l-methyloctyl)- 190 1.4432 0.8859 45
hexanedioate @ 0.5 mm

Hg
Bis(decyl)hexane- 180 25-26.5 8.9
dioate @ 0.1 mm (27.4)*

Hg
Bis(undecyl)hexane 35.5-36 24
dioate (34.7)*
Bis(dodecyl)hexane 210 39.5-40 32
dioate @ 0.1 mm (39.3)*

Hg »
Bis(2-ethylhexyl) 180 1.4484 4 0.9018 70
heptanedioate @ 0.2mm (1.4490)

Hg
Bis(2-ethylhexyl) 200 1.4490 + 0.8982 69
octanedioate @ 0.2mm (1.4508)

Hg
Bis(2-ethylhexyl) 210 1.4494 " 0.8880 66.8
nonanedioate @ 0.2mm (1.4463)

Hg

(202-5 @

0.5)#*

Literature values

*
See Ref.93
i See Ref.94

of physical constants:

+ See Ref.95
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2-ethyl-2-hydroxymethylpropane-1,3-diol (6.7 g, 0.05

mole) and toluene (30 cm3) was added sulphuric acid

(98%, 0.3 g) dropwise with warming. After continuous
removal of water during refluxing for 4 hré, the mixture
was poured into water (100 cm3) and the organic layer
separated. The aqueous layer was extracted with diethyl
ether ( 2 x 25 cm3) and the combined organic phase treated
as described for the esters of dibasic acids (see above).
The product was purified by fractional distillation under

nitrogen at 0.1 mm Hg pressure.

2.1.4 " Other chemicals

All other liquids used in kinetic studies were
dried over molecular sieve, type 4A, prior to use.
Those having manufacturers' stated purities less than

99% were distilled after drying.
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propane-1,3-diol

Tri-esters of 2-ethyl-2-hydroxymethyl-

Refractive

Acid used in Boiling point Density Yield
preparation o index P _3 ‘
(see 2.1.3.2) C nn g ecm %
20 ‘
n-Pentanoic acid 170 1.4468 + 0.9704 41.5
@ 0.2 mn Hg (1.4482)
(188-92 @
2 mm Hg) +
n-Hexanoic acid 186 @ O-lmm Hq I 440 0-9365 hek
(230-5 @ +
2mm Hg) + (1.4490)
n-Heptanoic acid 210 1.4498 0.9407 17
: @ 0.2 mm Hg (1.4510)%
(240-5 @
2 mm Hg)+t
n-Octanoic acid 230 - 234 1.4518 0.9275 55.0
@ 0.2 mm Hg (1.4535)F
(250-5 @
2 mm Hg)t
n-Nonanoic acid 250 1.4538 0.9319 47
@ 0.2 mm Hg (1.4550)+
(270-8 @
2 mm Hg)t

.i.

Literature values see Ref. 96.
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TABLE 2.3 Tetra-esters of 2,2 Bis(hydroxymethyl)propane—

1,3 diol.
Acid used in Boiling Refractive index Density Yield
preparation Point n, ny P
(see 2.1.3.2) O ~70 20 g cm o
*
n-Pentanoic acid 1.4313 1.4478  0.9808 30
(1.4310)+ :
|
n-Hexanoic acid 220 @ 0.2 1.4342 1.4508 0.2261 40
(1.4325)%+
n-Heptanoic acid 250 @ 0.5mm  1.4370 1.4526  0.9526 29 |
(1.4350)T :
|
n-Octanoic acid * 1.4379 1.4542  0.9260 20
(1.4370)7T
n-Nonanoic acid * 1.4398 1.4558 0.9106 20
~ (1.4558)F

*

Compound charred on boiling. Therefore no boiling
Purified on alumina column.

point obtained.

.i.

Literature values see Ref.97.
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2.2 THE V.G. MICROMASS 12F SPECTROMETER

The V.G. Micromass 12F mass spectrometer98 is

a 600, 12.7 cm radius, magnetic sector instrument in
which mass analysis is achieved by varying either the
strength of the magnetic field (magnet scanning) or the
accelerating voltage (voltage scanning).

Spectra reported in this work were produced by
scanning fhe magnetic field, the accelerating voltage
being maintained constant at 4000V for the kinetic
studies and 3000V when recording spectra of lubricant
base oils.

A schematic diagram of the ion-source of the
mass spectrometer is given in figures (2.1a, 2.1b).

The ion-source chamber consists of a cavity (C) milled
out of a stainless-steel block (B). An electron-beam
is produced by an emission-regulated filament (F) mounted
outside the‘ion-sourCe block. The beam enters the ion-
source through a cylindrical aperture (A) of length Z2mm
and internal diameter O.3mm. Ions formed in C leave
the ion-source through the ion-exit slit, E.  The drift
of positive ions towards the exit slit is aften assisted
by maintainingrthe potential on the repeller plate (R)
positive with respect to the exit-slit, k. The ion-exit
slit, which is cut in the thin stainless steel plate,

has dimensions of 0.05 mm x 5.0 mm. The temperature

of the heated ion-source block was monitored by means

of a chromel-alumel thermocouple (T) connected to an

electronic thermometer.99 During kinetic studies the
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electron-beam collimating magnets, normally fitted to
the ion-source, were removed since the presence of
magnetic fields in the ion-source is known to give rise
to mass discrimination effects (see section 1.2).

The pressure in the housing surrounding the ion-
source was generally lower than 5 x iO—S Torr. Reagent
gases and vapourized samples were introduced into the ion-
source via ports bored through the ion-source block.
(Fig.(2.1b)). These ports are omitted from figure
(21a) for clarity. The reagent-gas-inlet (see section
(2.2.1)) and sample-inlet systems are designed to form
gas-tight seals with the ion-source block. The
Micromass 12F‘spe¢trometer has three sample-inlet systems,
"viz. from a g.l.c. column, by way of a jet separator,

a direct-insertion probe, and a septum-inlet system.

Licguid samples used in the kinetic studies
were introduced through the septum-inlet system, a
schematic diagram of which is given in figure (2.2).
Known volumes of volatile liquid samples were injected
into the heated reservoir (R) and vapourized. The
vapour flows through the heated narrow-bore delivery
tube (T) into the ion-source. The flow-rate is
sufficiently slow that there is little (less than 1%)
chahge in the pressure of sample in the ion-source
(see section (2.3.5)), over a period of 10 min following
injection of the samplevinto the reservoir.

Solutions of lubricaht basé oils were

introduced via the direct insertion probe (see section



Stainless steel

cap——

{—-Reservoir lon source

® l E O e
\ 2 . : - 4
4
\ . VAV AV
SN == : 0-1mm. I.D.
Silicone : Delivery tube
rubber :
septum ®—Hoke bellows
@ exhaust valve
To Pump

Fig.( 2.2 )Schematic Diagram of Septum -
inlet System

Tap
Glass to metal i
Ferrule ' seal E
l e | B R RRICTTH ] P To
- | | Pressure
[ i N | S S S R R SO | RS R Gaug e

l~Steel tube

Fig-( 2.3 )Probe Used to Connect Pressure
Gauge to lon- Source




80

(2.5.1)).

Positive ions formed in the ion-source are
accelerated by a potential difference (4000 V in kinetic
studies, 3000 V in lubricant base oil analysis) applied
between plates'E and D (see figure (2.1a)), and the .
resulting iqn—beam analysed by the magnetic field. The
focussed ion-beams, separated according to their differing
momenta pass through a colleétor slit and strike the
first dynode of a 17-stage electron-multiplier tube.
During the lubricant oil analysis the collector slit
was adjusted such that a resolution of 900 (at 10% valley)
was obtained. Both the collector slit and the electron-
multiplier are know to introduce mass discrimination
effects into the mass spectrum. The samples used in
the kinetic studies did not produce ions of m/z > 250
a.m.u. and it was found that spectra were not seriously
affected by adjusting the collector slit to its maximum
width (ca. 1lmm). Hence the mass discrimination effect
of the collector slit was minimized for kinetic
experiments. By comparison, it is difficult to make
corrections for mass discrimination effects arising from
the use of an electron-multiplier as a detector. The
gain of multiplier tubes is known to depend on not only
the mass but also the kinetic energy, and the elemental
composition of the ions striking their first dynode.1OO
Insufficient data is presently available to allow general

corrections for discrimination effects to be made.
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The output from the multiplier was amplified
then recorded either using a computer data system
(see appendix II, lubricant oil analysis) or using an

oscillograph 3005 recorder101

(kinetic studies). In the
oscillograph recorder three galvanometer mirrors reflect
U.V. light onto photo-sensitive paper. | The traces
produced.correspond to three attenuations, X0.01, X0.1,
and X1.0, of the amplified ion-currents. For convenience
the galvanometers will be numbered (1), (2) and (3),
corresponding to attenuation factors of X0.01, X0.1 and
X1.0 respectively.

For the kinetic studies it was assumed (a) that
heights of peaks recorded by the u.?. recorder corresponded
to ion-currents, and (b) that these truly reflect the
relative abundances of ions in the ibnfsource realising
that in the continuous extraction mass spectrometer not
all the ions produced in the source are extracted. For
the limited mass range (i.e. 0-250 amu) used in the kinetic
studies, the variation in width of the bases of peaks was
so small that the error introduced by assumption (a) is
negligible. Errors due to assumption (b) were minimized
by using nofmalized ion-currents in all kinetic calculations.
Peak heights were measured to the nearest 0.5mm using a
transpafent ruler.‘ The maximum relative errors incurred
in the measurement of heights of peaks recorded by
galvauoneters (1) and (2) were ~ 1%, but those by galvanometer
(3) were as high as 10%. However the absolute.errors in

normalised ion-currents of the principal ions (measured
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from galvo's (l)and (2)) were probably less than 1%.
It was previously found52 thét for a given
amplifier current, the peak heights recorded by the
grlvanometers were not exactly in the expected ratio
1:10:100. A calibration experiment52 enabled the
peak heights-.of (hl’ h2) recorded by galvanometers (1)
and (2) to be corrected to the value (h3) which would

have been recorded by galvanometer (3).

h

3 10 x ((1.071 + 0.018) h2 - (0.040 + 0.007)) - (2.2.1)

.

5 = 100 x ((0.971 * 0.025) hy - (0.438 * 0.008)) - (2.2.2)

All spectra reported in this work were obtained
by scanning the magnetic field exponentially from high

to low field, i.e. such that
m = m, exp (-t/T) (2.2.3)

where m is the mass of the ions collected at time, t, ny
the mass of the ions collected initially, and T the time
constant of the scan (i.e. the time required to scan one

decade of mass units). Differentiation of equation

(2.2.3) gives

dm = -m_ exp (-t/T) dt/T (2.2.4)
or

dt =-T dm/m (2.2.5)

Thus the time spent collecting ions of mass m, & is
dependent upon the reciprocal of the resolution, (m/Sm)
of the instrument and the time constant T. Since gt is

independent of m,the heights of the various peaks in a
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given spectrum may be compared with one another, to

compare jion abundances, provided mass discrimination effects
are small. Spectra reported for the kinetic studies were
recorded using a time constant, T, of 30 sec/decade since

the slow scan-rate results in better reproducibility of
spectra. The only apparent disadvantage of this slow scanning
was that occasionally the sensitivity of ‘the instrument
changed during the recording of a spectrum thus distorting
the ratios of peak heights. Observation of any such

effect was made by duplicating spectré.

2.2.1 - Modifications to the reagent gas inlet system to

facilitate the introduction of ammonia, nitric,

" oxide and reagent gases which are liquids at

The reagent gas inlet system as supplied by the
manufacturer is shown in figure (2.4). The precision
diaphragm regulator (A) maintains a constant pressure
of reagent gas in the ion-source (B) by varying the
flow rate through the connecting tubes C,D and E. The
narrow-bore tube (C) provides preliminary heating of the
reagent gas and acts as a pressure restrictor maintaining
a sufficiently high down stream pressure at regulator (A)
for it to function correctly.

Although reagent gases ammonia and nitric oxide
could be introduced to the ion-source by using corrosive
resistant regulators and by-passing regulator (A), it was

not possible to generate sufficiently high ion-source
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pressﬁres, with reagent gases having vapour pressures
as low as 150 Torr at 25°C. ‘

The modified reagent gas inlet system used
for all reagent gases studied is shown in figures
(2.5) and (2.6). The narrow bore tubing originally
(c) figure (2.4)) connected to the ion-source was
replaced by tubing_of higher conductance to allow higher
ion-source pressures to be generated. The two stage
needle valve (F)vprovides accurate control of the
ion-source pressure (viz. + 0.05 m Torr) for both (a)
high inlet pressures (viz.1500-3000 Torr) from gas cylinders
and (b) low inlet gas pressures (viz. 60-150 Torr)
generated from a vapour line (G) (see figure (2.6)).
The needle value (F) being made of stainless steel was
therefore resistant to corrosion by nitric oxide and
aﬁmonia. Compounds which are liquids at S.T.P. were
introduced Qia the vapour line shown in figure (2.6).
The liquids were freed from volatile impurities such as
air by a series of freeze-pump-thaw cycles. The liquid
reservoir was maintained at 15°C + 0.2°C in order to give
a stable pressure in the ballast volume and hence on the

inlet side to the needle value (F) in figure (2.5).
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2.3 MEASUREMENT OF PRESSURES OF GASES IN THE
ION-SOURCE.

2.3.1 The pressure gauge

Gas pressuresin the ion-source were measured
oy means of a Baratron capacitance manometer pressure

measurement system (MKS Instruments series 179)102 shown

;ﬂ‘gigure (5.75. Thé“high accﬁracy sensor head (H) consisté
of a diaphfagm type variable capacitance pressure transducer
and preamplifier maintained at 35°¢C by a temperature
controller within the electronic unit (E). As the pressure
. in the sensor headMvaries, the diaphragm moves causing a
change in capacitance leading to a linear variation of the
DC output voltage by the electronic control unit (E).

This DC voltage is converted to an analogue pressure (Torr)
display, (A), and read (BCD code), via a suitable interface,
to a Dec PDP 11/34 mini computer.103 The sensor head had
been calibrated against NBS Traceable Factory Standards

by the manufacturer. A digital offset facility (D)
permitted small changes in pressure to be measured to a
higher precision. Pressures were measured in the range

5 x 10“4 to 0.7 Torr with gauge errors varying from 10—6

to 10™% Torr respectively.

2.3.2 Connection of the pressure gauge to the

. ion-source.

The pressure gauge was coupled to the mass
spectrometer ion-source by means of a glass and metal
probe assembly inserted through the ion-source housing

port normally used for a capillary g.l.c. interface.
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A schematic diagram of this assembly is given in figure
(2.8). The stainless steel sleeves (SS) provided

protection and support for the thick walled ground glass
probe (P). The metal bellow (Bl) and (B2) allowed the
probe to be withdrawn from the ion-source to permit the

source assembly to be removed from the mass spectrometer.

Bellows (B2) also served to isolate the Baratron pressure
sensor, mounted on foam rubber, from vibrations. The
glass probe contained a chain of twelve 2M ohm pyrofilm104
resistors (R) interspaced with springs (S) and thermionic
valve screen (V) to provide a high impedance electrical

patnl0®

from the high potential ion-source to the ground
potential Baratron sensor. No discharging from the
ion-source was observed when operating with an accelerating
voltage of 4K volts and ion-source pressures up to 0.7 Torr.
The probe tip which made a gas tight seal with the ion-
source consisted of a wide bore narrow metal tube on

which was brazed a steel ball bearing (C).'. The metal

tube was sufficiently long to penetrate into the..
ion-source ca§ity. The whole assembly was able to‘be
removed easily and the ion-source plugged when samples

of very low volatility were studied,since otherwise they might
have been deposited in the probe. Since construction of
the probe a simpler design for discharge suppression has
appeared -in the literature.lo6 However the design,

which involwes packing the probe with glass wool, results

in a higher resistance to gas-flow and thus the need to
correct Baratron pressure readings for thermal transpir-

ation.107
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2.3.3 Evaluation of the pressure gauge when coupled

" to the ion-source.

Prior to purchase of the Baratron gauge ion-
52 .
source pressures were measured using a Bourdon-tube

gauge}o8 This gauge was coupled to the ion-source by

means of a glass probe (fig.2.3) inserted into the mass
spectfometer through the port normally used for the
direct-insertion probe. In order to verify that ion-
source pressures measured by the Baratron gauge were
comparable with those obtained using the Bourdon-fube'
gauge, both gauges were temporarily coupled to the ion-
source (see fig. 2.1b). Helium, methane and isobutane
were separately introduced into the ion—sourcé via the
feagent gas inlet system (see section 2.2.1) generating
pressures in the range 0.01 - 0.3 Torr which were
simultaneously read using both gauges. During these
experiments the accelerating voltage was maintained at
4K volts. Least squares analysis of the data resulted

in the equations (2.3.1), (2.3.2) and (2.3.3) respectively,

Helium P (0.932 + 0.004) PT + (0.002 + 0.002) (2.3.1)

B

Methane P

5 = (0.963 + 0.013) Py + (0.002 + 0.002)  (2.3.2)

Isobutane P (0.968 + 0.012) PT + (0.003 + 0.001) (2.3.3)

B
Whére PB and PT were the pressures recorded by the Baratron
and the Bourdon-tube gauges. In order to ascertain that
there were no measurable pressure gradients across the

source, resulting from the positioning of the reagent gas

inlet, helium was alternatively introduced via the g.l.c.
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inlet (see fig. 2.1b) located on the obposife side of the
source., No variation in the relationship.given by
equation (2.3.1) was observed. The dead space between
the Baratron sensor head and the ion-source was far
smaller than that in the Bourdon-tube gauge system and it
was concluded that pressures reéorded by the factory
calibrated Baratron truly reflected ion-source pressures.

After these experiments the Texas gauge was disconnected

from the ion-source.

2.3;4 ' Measurement of reagent gas pressures in the

ion-source.

Reagent gases were introduced into the ion-source
by an inlet system (see fig. (2.5)) and the desired
pressure set by a two stage needle valve (F). Coarse
pressure variations of methane and isobutane were made
using pressure regulator (A). The pressure recorded
by the Baratron was monitored using a computer (see fig.
(2.7)). Pressure stability was judged to be obtained
when the variation was <0.007 Torr over a period of

1-5 minutes.
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2.3.% Measurement of pressures in the ion-source

‘due to samples introduced through the septum-

inlet System.

A description of the septum-inlet was given in
section (2.2). The sample pressure generated in the ion-
source when a few microlitres ( < 25) of sample was
injected into the inlet-system reservoir was typically in
the range 0.5-10 m Torr. For the kinetic experiments
it was necessary to measure this pressure with the ion-
source.containing reagent gas (0.2 ~ 0.3 Torr). The
reagent gas pressure was allowed to become stable and

the Baratron reading offset to zero. The ion-source

pressure generated by the sample, introduced via the
septum-inlet, was measured to 0.01lm Torr and monitqred
by the computer during the recording of mass spectra.
The standard deviation in the pressure reading was
typically 0.04 m Torr, leading to a maximum error in
sample pressure of 8% at 0.5 m Torr and minimum error of

0.4% at 10 m Torr.
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2.4 KINETIC STUDIES

2.4.1 Measurement of ion-abundances: The ion-molecule

reactions consequent upon the electron impact

of pure reagent gases.

2.4.1.1 Methane -
The study of the kinetics of the reaction

S . _
g, ——> CH~ + CHy

CH4T + CH

waé carried out using identical conditions to those used
by R.Walder52 in a previous study when a Bourdon-tube
gauge was used to measure jion-source pressures. The
ion-source block was maintained at 177 + 2OC and the mass
spectrometef operated at an ion-source electric field

1 (5 V repelier), emission current

strength of 12.5 V cm
of 10 uA, and electron energy of 500 eV. Methane was
introduced to the ion-source via the reagent gas inlet
system (2.2.1) and the pressure measured using the
Baratron gauge as described in section (2.3.4), Vhen the
ion-source pressure was stable (+ 0.02m Torr) the mass

spectrum was recorded as described in section (2.2).

The pressure of methane in the ion-source was then changed
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and after stabilisation the pressure and another spectrum
recorded. In this way spectra of methane were acquired
at various ion-source pressufes in the range 0.01 - 0.25
Torr. Heights of peaks in the spectra were measured as
described in section (2.2), and corrected for the different
responses of the galvanometers by use of equations (2.2.1)
and (2.2.2) to give the abundance (In) of ions having

mass to charge ratio (m/z) n.

2.4.1.2 Isobutane -

Experiments to study the ion-molecule reactions
consequent upon the electron—impactionization of isobutane
were carried out at an ion-source field strength of

5V cm_1

(2 V repeller), emission current of 50 p4,
electron energy of 50 eV and ion-source block temperature
of 177 + 2°c. Isobutane gas was introduced to the ion-
source via the reagent gas inlet system (section 2.2.1)
and the pressure measured using the Baratron gauge.
Spectra were. recorded when tﬁe Baratron gauge readings
were constant. The isobutane préssures could be stabilized
to + 0.07 m Torr in the range 0.01 - 0.4 Torr. Heights
of peaks in the spectra were measured as described in
section (2.2) and corrected for differing galvanometer
responses using equations (2.2.1) and (2.2.2). The
relative abundance oflion m/z = n for each isobutane
pressure was obtained by dividing the height of the

appropriate peak by the sum of the height of all the peaks

in the spectrum. The results of these experiments will
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be discussed in section (3.1.2.1).

2.4.1.3 Methylcycloalkanes -

Ion molecule reaCtions}consequent upon the
electron impact of the methylcycloalkanes; methylcyclo-
pentane and methylcyclohexane were studied at an ion-
source block temperature of 177 i_zoc and an ion-~-source
field stfength of 5V cm-i (2 V repeller). The electron
energy was maintained at 50 eV and emission currents of 50
and 20 pA were used for methycyclopentane and methylecyclo-
hexane respectively. The cycloalkanes were introduced
via the reagent gas inlet system as described in section
(2.2.1) with the liquid reservoir (fig. (2.6) page 87 )
maintained at 14.5 + 0.2°%. Spectra were obtained,
in the same way as described for isobutane (2.4.1.2),
in the pressure ranges 0.01 - 0.35 Torr for methylcyclo-
pentane and 0.01 - 0.25 Torr for methylcyclohexane.
Relative abundanceé (In) at a given pressure were determined

as before and these results are discussed in sections

(3.1.2.2), (3.1.2.3) and (4.1).

2.4.1.4 Ammonia -

Ion-molecule reactions consequent upon the
electron impact of ammonia have been studied at an ion-
source temperature of 177 + 2°C and electric field strength
of 2.5,‘5.0, 7.5, 10.0 and 12.5 V em™ Y. The electron
energy was maintained at 50 eV and the emission current at
20 pA. Ammonia was introduced via the reagent gas

inlet system (see section (2.2.1)) and the pressure set
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by means of the micrometering valve (see fig, (2.5)).
Spéctra were recorded as described pre&iously (section
(274.1.2)) at various pressures within the range 0.01 -
0.6 Torr and relative abundances calculated, These
results are recorded in section (3.1.2.4) and discussed

in sections (4.2.1) and (4.2.2),

2.4.1.5 Fluorinated benzenes;

Ion-molecule réactions consequeht upon the
electron impact of the fluorinated benzenes: fluorobenzene,
0-, m-, and p- difluorobenzene have been studied at an
ion-source block temperature‘of 177 + 2°C and ion-source
field strength of 5 V cm'l. The electron energy was
maintained at 50 eV and the emission current at S50 H A,

The fluorinéted.benzenes were introduced from a vapour

line (fig (2.6)) via the reagent gas inlet system (fig.
(2.5)) and the ion-source bressure set by a micrometering
value. The liquid reservoir of the vapour line was
maintained at 15.5 + 0.2°. Spectra were recorded as
described in section 2.2 at various pressures in the range
0.01 - 0.26 Torr. The relative aBundances were calculated
(see (2.4.1.2)) and the results recorded in sections

(3.1.3.1) and (3.1.3.2)and discussed in section (4.3).

2.4.2 " Measurement of ion-abundances in the ion-molecule

reactions which give rise to the chemical ioniz-

- ation mass spectra of hydrocarbons when fluoro-

- benzene is the-reagent gas.

The ion-molecule reactions which give rise to the
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chemical ionization mass spectra of hydrocarbons were
studied by following changes in the abﬁndances of
reactant ions with variation of sample pressure. Prior
to commencement of any experiment the septum in the liquid
sample inlet was renewed. All experiments were carried
out with the ion-source at 177 + 2°C, an emission current
of 50 pyA, an electron energy of 50 eV and an ion-source
field strength of 5 V cm_l (2V repeller). Fluorobenzene
was introduced into the ion-source at such a rate to give
a fixed pressure of 0.2 Torr. The temperature of the
inlet delivery tube was maintained at 130°C and that of
the sample reservoir set between 170 and 250°C depending
on sample volatility. When the fluorobenzene pressure
and ion-source temperature were constant the Baratron
reading was offset to zero. A known volume of sample
was injected into the inlet reservoir and the pressure
monifored during spectra acquisition as described in
section (2.3.5). The sample was then pumped from the
reservoir and a different volume injected. This process
was repeated and spectra recorded for sample pressures
in the range 0.5 - 10.0 m Torr.

The heights éf peaks in the spectra were
" measured and normalised with respect to the total ion
current as described in section (2.2). Suitable plots
of normalised ion-currents (relative abundances) against
pressure were used to determine the kinetics of reaction

(see (3.1.4)).
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2.5 LUBRICATING BASE OIL ANALYSIS
The base o0ils studied had kinematic viscosities

2

in the range 0.035 - 0.2 cm s—1 (3.5 - 20.0 c¢ Stokes

at 1oo°c)and could not be introduced via the liquid
sample inlet. 2 Ul of solutions of the oil (4% W/W),

in a suitable solvent, (see Table 2.h) were placed in
pyrex probe sample tubes and after removal of solvent
introduced via the direct-insertion probe.. In the

case of mineral oil fractions, analysed by fluorobenzene
chemical ionization, an internal standard (0.01 W/W)
(triphenyl benzene) was added to the oil sample prior to
its dissolution in fluorobenzene (4% W/W). The heating
of the probe (2500/min) was controlled by a seven étep
temperature programmer (Eurotherm type 211)109. The
programmer allowed fast, and accurate control of the
temperature of the probe giving reproduceable volatilisation
profiles of the oil sample from the sample tube. Spectra
were recorded with an accelerating voltage of 3 k volts
(which permits the collection of ions of 0-600 a m u)

with a resolution of 900 at 10% valley. Throughout
sample volatilisation, a suitable liquid (mass = M),

hereinafter referred to as a "Sensitivity standard', was

introduced at a constant rate, via the liquid inlet and
the intensity of the ion current due to ion (M + m)+
(where m = +18, +1, -1 or 0) recorded to monitor
variations in sensitivity of the detector system. Spectra
were recorded (a) using a data system (see Appendix II)

at a rate of 9 spectra a minute or (b) at given probe
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temperatures (Table 2.4) according to the method described
in section (2.2). Conditions specific to the analysis

of each type of lubricating fluid are now discussed in

turn.

2.5.1 " Ester fluids

Chemical jonization mass spectra of pure esters
standards (see (2.1.3.1-2)),mixtures of these and
industrial ester samples were obtained using ammonia
'reagent gas. The results obtained are recorded in

’ .
section (3.2.1) and discussed in section (4.5.1).

2.5.2 “Synthetic hydrocarbon fluids

2.,5.2.1 Hydrogenated polyalphaolefins -

Chemical ionization spectra have been obtained
using methane, nitric oxide and mixtures of nitrogen and
nitric oxide as reagent gases (see Table Ak for mass
spectrometer operating conditions, sensitivity standard,
and solvent in which samples were dissolved). When
nitrogen/nitric oxide mixtures were used nitrogen was
introduced via the g.l.c. interface to generate an
ion-source pressure of ~0.15 Torr, and at the same time
sufficient nitric oxide introduced via the reagent gas
inlet system (see fig. (2.5) page 86 ) so that 99%
of the reagent gas plasma ion-current was due to NO©
(m/z = 30). The results gained from these analyses
are recorded in section (3.3.2.1 - 3) and discussed in

section (4.5.2).
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2.5.2.2 Synthetic aromatic hydrocarbon fluids -

Chemical ionization mass spéctra of synthetic
aromatic hydrocarbons were obtained using (a) fluorobenzene
reagent gas and (b) nitrogen/nitric oxide mixture reagent

gas (see 2.5.2.1). Conditions used in the analysis are

given in Table (2.4). The results obtained are recorded
in section (3.2.3. ) and discussed in section (4.5.3).
2.5.3 " Mineral oil fractions

These were analysed by fluorobenzene chemical
ionization mass spectrometry; the results are recorded

in section (3.2.4) and discussed in (4.5.4).
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*log ([CH4TJO/[CH4T} ) = k[CH4]T
where [CH4?J is the abundance of CH4f ions, [CH4T]O is the
the initial abundance of CH41F ions (i.e. in the absence of
reaction (3.1.1)){[CH43 is the number density (molec cm-s)
of methane molecules in the ion-source, and T is the
residence time (seconds) of CH4T' ion. If the heights
of peaks (In)’ having m/z. = n, measured in the spectrum
may be assumed tb accurately reflect the relétive abundances
of the ions in the ion-source (see 1.3.3) then

0 —
log (I4/15 ) = k[CH4JT

If further it can be assumed that (3.1.1) is the only
reaction undergone by CH4+ over the pressure range studied
(0.01 - 0.25 Torr) then

[cH,*3_ = [CH,*T + [CH."}

hence
- .
log ( (116 + 117)/116)= k[ CH4JT (3.1.2)
where 117 is the abundance of the CH5+ ion. The quantity
CH4 , the number density of methane molecules in the ion-

source, may be calculated from the equation of state of

an ideal gas:

= T = D 3.1.3
[CH4] PCH4/kBT PCH4N ( )
1

-23
where kB is Boltzman's constant (1.3806 x 10

JK ),

. =2
T the absolute temperature (K) and PCH4 the pressure (Nm 7).

However it is usual to report rate coefficients of ion-

-1

3 -1
molecule reactions in units of cm”™ molecule s although

* 'log' refers to Naperian Logarithms throughout.
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pressure measurements are made in units of Torr, (this
work) or m Bar. The necessary conversion factors are
taken in the value of N viz. 2.146 x 1016f0r the ion-source

temperature (450K) used in this study.

Hence (3.1.2) becomes

log ( ( I+ I;.)/140) = kNPCHLl’E (3.1.4)

A plot of the data obtained in the experiment
is given in Figuré-(B.l), and from the slope of the line,
kNt, k can be estimated provided the ion-source residence
timé,r , of CH4T is known. |

There are fwo methods for the estimation of ion
residence times. In the first it is assumed that under
the conditions of the experiment (pressure <0.3 Torr,
electric field strength 12.5 ch_l), each ion experiences
only a few collisions with methane molecules before exiting the
ion-source, and that these collisions do not change the
velocity of the ion significantly. If these assumptions
are valid thén the free-fall formu1a6{ (3.1.5), for an ion
drifting in an electric field may be used for residence
time estimation.

The free-fall formula is

[

T=(2md/z E ) (3.1.5)

where d is the mean distance travelled by the ion (cm), m
and z are the mass (kg) and charge (C) of the ion, and E is

’ -1
the electric field strength (Vm 7).
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In the second method the effects of collisions
are taken into account for invoking ion-mobility
considerations. The drift velocity of an ion may be
obtained from equation (3.1.6) where K is fhe ion-mobility
and E is as defined above. If

V = KE (3.1.6)

an experimental value of K is not available then the reduced
mobility K,, related to K by equation (3.1.7) may be

estimated using equation (3.1.8)

K = K, (760/P) (T/273) (3.1.7)
K, = 13.876/(ap)? (3.1.8)

where the pressure (P) is measured in Torr, T is the
absolute temperature (K), u the reduced mass of the ion
and neutral (in a.m.u.) and ¢ the angle-averaged polarizabil-
ity (in XS)* of the neutral. Since T = d/v it can be seen
that the residence time is given by

= 273(au)% dP/ (10546ET) (3.1.9)
If collisions are important the residence time is directly
proportional to the pressure and consequently the apparent
kinetic order of the reaction with respect to methane will
appear greater by one order.
| The data in Figure (3.1) clearly shows this not

to be so. Thus it is assumed that T may be estimated from

52 .
equation (3.1.5) as previously noted. The mean distance

*See Appendix I for polarizabilities and dipole moments of

neutrals studied in this work,
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travelled by the ion (d) is taken as half the distance

between the ion-exit slit and the repeller plate (0.2 cm),
+ . ,

as the CH4~ ions are assumed to be evenly distributed

throughout the ion-source at these pressures110 The

mean residence time was calculated to be 7.3 x 10_7 sec.

Least squares analysis of the data gave a gradient of

18.78 + 0.24 leading to a value of (11.6 + 0.2) x 10” %cm®

H
4
with methane. This is in excellent agreement with both

-l_ .
molecdrs 1 for the rate coefficient for reaction(of CH

literature values and with previous work in this department.
fhe result when combined with the good agreement in pressure
readings by the Texas and Baratron gauges (see 2.,3.3),when
simultaneously connected to the ion-source, showed that a

suitable coupling of the Baratron gauge to the ion-source

* had been achieved.

Subsequently values of Kie have been evaluated
at various field strengths between 2.5 and 12.5 V cm_l,
see table (3:.1), and found to be invariant. Since

"these values were obtained using a mean ion-drift distance
of 0.2 cm, the distance between the electron beam and jon
exit slit, it is assumed that the mean distance travelled

by an ion in the source is independent of field strength

at pressure 0.01 - 0.2 Torr.
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TABLE 3.1 Rates of reaction of CH4T with methane at

various ion source field strengths.

Field Strength Rate coefficient

1

JV em™ 1

12.5 f (11.6 + 0.2)
11.25 | (12.06 + 0.5)
'8.75 | (12.19 + 0.2)
6.25 ' (12.11 + 0.4)

4.0 | (12.12 + 0.3)
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3.1.2 Ion molecule reactions in reagent gas plasmas of: -

3.1.2.1. Iso-butane

The éxperimental method employed for the
study of reactions of primary ions derived from iso-butane
with iso-butanewas the same as used by R.Walder in a
previous study using the 12F spectrometer,52 and is
described elsewhere (see 2.4.1.2).

Electron impact ionization of iso-butane results
in formation of C,H H which fragments to produce various

T g6 H 10

primary ionsA- Variation of the relative ion-currents
(In/EI) of these ions (m/z=n) with ion-source preSsure is
shown in figure (3.2). The relative ion-currents of the
primary ions decrease, whereas that of C4H9+ increases in
the pressure range 0 - 0.4 Torr, and thereafter remains

essentially constant. It is assumed that all the primary

. . . +
ions react with iso-butane to form C4H9 , €.8.

Ok
o+ 29 +
Coig" + CyHy, ———— CyHg + C,Hy (3.2.1)

Provided the ion-source residence times can be estimated
rates of reactions of this type may be obtained by observing
the decrease in the relative ion-currents of the primary ions.
By use of equations (3.1.5) and (3.1.9) (taking d = 0.2 cm )
it can be shown that for iso-butane pressures greater than
0.05 Torr the residence time estimated by consideration of

ion-mobilities is greater than that suggested by the free

fall method. Therefore unlike the_meﬁhane system cqllisions

* as determined.for methane (see 3.1.1).
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are important and better estimates of residence times will
be obtained by taking account of ion-mﬁbilities. This is
as expected since a collision of an ion with the larger
iso—butané molecule would result in a greater change in
momentum than a collision of the same ion with methane.
In addition the number of these collisions increases with
further increases in ion—source pressure (0.05 to 0.4 Torr).
From equation (3.2.1)
_d~tc2H5*1

: +
" koo [CyH5 Y [C4H, D

and the intégrated rate-equation for the reaction of C2H5+ is

- log ( [02H5+]/[C 3 )= koolCuH, 5J

(3.2.2)
where [C4 10] is the number density of iso-butane molecules

in the ion-source. This is obtained from the ion-source
pressure, P, using equation (3.2.3) where N is as previously

defined (see (3.1.1) equation (3.1.3)).

J =P N (3.2.3)
16 C4H

[c,H
The residence time, 1, as given by equation (3.1.9) is
directly proportional to the ion-source pressure. So
provided the heights (In) of the peaks, having m/z=n, in
the recorded spectrum accurately reflects the relative

abundances of ions in the ion-source, equation (3.2.2) may

be written as

oy _ . 3.2.4
- log (Iyg/Igg ) = Kogbag ¥ Pc,m ( )
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where
Bog = 273(au29)% d/ (10546 ET) | (3.2.5)

1290, the abundance of C2H5+ in the absence of reaction

with iso-butane, is not readily accessible. To reduce the
effect of loss of reactant ions through collisions with the
ion-source chamber walls the extraction of the rate coefficient
is made using relative ion-currents ( (In/ZI) where Il is

the total ion-current). Thus equation (3.2.4) becomes

o) o, _ 2
log (129/21) - 10g(129 JEI )= —k29829NP C.H

4710
(3.2.6)

hence a plot of log (129/21) against the square of the
iso-butane pressure should give a straight line of gradient
k29329N and intersect log ( 1290/21O ) corresponding to the
relative abundance of C2H5+ in the electron impact spectrum
of iso-butane.

Equations similar to (3.2.6) can be derived
- for bimolecular reactions of all the primary ions from
iso—butanehWith'isb—butane and kinetic plots for the
précesses are given in figure (3.3). Rate coefficients
evaluated from gradients, determined by least squares -
analysis of these lines, are giyen in table (3.2) and are
in reasonable agreement with previous measurements in this
laboratory.52 The reactions of some primary ions were
observed not to obey second order kinetics throughout

the entire pressure range studied and thus the pressure range

over which they adhered is appended.



115

2
o P.
iso-BUTANE  REAGENT  GAS ( l-c,u,o)/rm"'

0 0-04 0-08 0-12 0-16 0-18
[] 1 [ 1 . {

CqHgt
Cq Hy*
Cy Hys*
Ca Hyp*
Cg Hgt
C3 Hg*
Cs3 Hy*
Ca Hg*
€, Hy*

P » O €0 @ # < N

(In/ZI)l

log

-7.0

Fig-. [3.3:|

Kinetic plot for reaction of ions from iso-butane with
iso-butane.
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Fig(3.4) Fragmentation of iso-butane consequent upon electron
impact ionization. See Ref 52.
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TABLE 3.2 Rate coefficients for the reaction of primary

ions from isobutane with iso-butane

Ion m/z Rafe coefficient Log (I 0/ZI) Pressure range
| x 1011/cm_3m01ec:_1 : over which second
st order kinetics hold

............................................... /Torr

CoH, " 27 16.0 + 0.8 ~(3.23 + 0.07) 0.03 - 0.18

C BT 29 13.0 + 0.4 ~(3.84 + 0.06) 0.03 - 0.18

C H," 39 0.20 + 0.04 -(3.68 + 0.03) 0.18 - 0.46
coH " 41 6.88 + 0.16 -(2.06 + 0,03) 0.03 - 0.26
CoHgY 42 7.43 + 0.18 -(2.19': 0.04) 0.03 - 0.26
CoH," 43 3.16 + 0.04 -(0.90 + 0.03) 0.03 - 0.46

c, B 53 1.12 + 0.06 ~(6.11 + 0.03) 0.11 - 0.30
c,E," 55 2.08 + 0.08 ~(5.14 + 0.03) 0.11 - 0.30
C,H,* 56 1.28 + 0.04 —(2.99 + 0.04) 0.22 - 0.46
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3.1.2.2. Methylcyclopentane

Spectra were obtained at various ion-source
pressures in the range 0.01 - 0.35 Torr and relative
ion-currents for the ions observed calculated, at each
pressure, as already described. (See 2.4.1.2 and
2.4.1.3). | |

The molecular ion CGHIZT formed upoh
electron impact ionizatibn of methylcyclopentane readily
fragments to produce primary ions. Possible fragmentation
pathways are illustrated in figure (3.5), where a *.denotes
the obsefvation of fragmentation of a metastable ion
(seeq1.2.3) in support of a fragmentation pathway. |
Variations of relative ion-currents of these primary ions
with ion-source pressure are given in figures (3.6) and
(3.7). As the pressure of methylcyclopentane is increased
the relative ion-currents of the primary ions decrease.This is
attributable to their reacting with methylcyclopentane in
a similar way to that already described for iso-butane.
However unlike iso-butane there are three product ions
12’5, C6H11+ and CGHIOT. The C6H11+ ion is
likely to be produced by similar reactions to those which

namely CGH

+ oL . P
result in the formation of C4H9 in isobutane, typified by
+ .
the hydride transfer reaction of CzH5 with methylcyclo-

pentane (equation 3.2.7)

+ Kog +
C.H.  + C.H — 22> CyHg + CgHyy (3.2.7)
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t +
CHj I CH3

«2 | i
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+
CaHq
H— C
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+
C4Hg
M/Z= 57

»*
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CaHs™ /
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M/2=27 FIG. (3. 5)

Postulated pathways to formation of primary ions from
methylcyclopentane conmensurate upon electron impact.
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A relatively high abundance of the molecular
ion CGH12?‘is observed at methylcyclopentane pressures
of 0.01-0.4 Torr compared to the apparent absence of the
molecular ion C4H10T in iso-butaneat >0.1 Torr. The
lower ionization potential of methylcyclopentane (10.3eV)111
compared to iso-butane (11.4 eV)111 makes charge transfer
reactions e.g. (3.2.8) more energetically favourable than
similar reactions in iso-butane. |

k

56 - +

+ ’
c H8 + C6H12 —_— C4H8 + ‘CGH12' (3.2.8)

4

Formation of the ion, CGHIOT (m/z=82), which accounts for
30% of the total ion—currént at 0.35 Torr, is visualised

to be by the two atom transfer reaction (3.2.9).

+ %56 o+

CuHg™ + Cglyy ——2—> C,H + CgH, " (3.2.9)

4

If a primary ion reacts with methylcyclopentane to give
more than one product ion the rate-coefficient determined
from consideration of its disappearance will be a composite
rate coefficient for the reaction channels. Further
considerations will be given to this in section (4.1.2).
Equations similar to (3.2.5) can be derived
for réaction of the primary ions of m/z=n with methylcyclo-

pentane, as illustrated by equation (3.2.10)

o} o, _ 2
log (In/ZI)— log (In JLT7) = —kanNP C6H12 (3.2.10)

where Bn is evaluated from equation (3.2.11)

B, = 273 (auy)? d/(10546 ET) (3.2.11)
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in which o is the angle éveraged polarizability of
methylcyclopentane (11.03 Xs)llzyuathe reduced mass of
the reactant ion and'methylcyclopentane and the other
terms are as defined in section (3.1.1). Proviaed
reactions of the priméry ions obey second order kinetics
and the measured relative ion-currents truly represent the
relative abundances of ions in the source ,rate cdefficients
may be obtained from the gradients of semilogarithmic
plots of the relative ion-currents against the square of
the pressure; Such plots are given in figures (3.8) and
(3.9) and ﬁhe rate coefficients,calculated from the
gradients of the lines, obtained by the least squares
method, are given in table (3.3). Since the reactions
of these primary ions appear not to obey second order
kinetics throughout the entire pressure range studied ,
the range of pressure for which a linear kinetic plot
‘Was obtained is also given.

The significance of the relative magnitude
of the rate coefficients is discussed in section (4.1.2)

and compared to those obtained for primary ions of the

same mass‘reacting with iso-butane and methylcyclohexane.



Fig. [3-8]

Kinetic plots for reaction of some

primary ions from methylcyclopentane
with methylcyclopentane.
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TABLE 3.3 Rate

ions
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coefficients for the reaction of primary

from methylcyclopentane with methylcyclopentane

Ion m/z Rate coefficient Log (InQ/EIO) Pressure range
X 1011/cm3 molec™t ‘ over which second

S—l order kinetics
..................... o hOhL /Torr.
CoH," 27 24,2+ 1.3 -(3.86 + 0.06) - 0.03 - 0.11
CoHT 20 21.3 + 1.1 —(4.24 + 0.06) 0.03 - 0.11
CgH," 39 0.99 * 0.08 ~(3.78 + 0.03) 0.13 - 0.27
CiH, 41 14.9 + 0.5 -(2.30 + 0.05) '0.03 - 0.15
CoHgY 42 15.5 + 0.9 -(3.09 + 0.07) 0.03 - 0.13
CaH," 43 9.63 + 0.29  _(3.45 + 0.04) 0.03 - 0.18
c,H" 53  3.39 + 0.27 ~(4.49 + 0.05) 0.05 - 0.18
C,H;* 54  5.78 + 0.32 ~(4.66 + 0.05) 0.03 - 0.18
c B, 55  5.43 + 0.18 ~(2.52 + 0.03) 0.03 - 0.18
C,Hg* 56 3.14 + 0.04 ~(1.46 + 0.02) 0.03 - 0.34
C H," 57 1.55 + 0.07 ~(4.00 + 0.04) 0.11 - 0.34
c;H,® 67  0.37 + 0.02 ~(4.57 + 0.07) 0.17 - 0.34
C.HgY 68 ~ 1.57 + 0.02 ~(4.22 + 0.01) 0.07 - 0.34
C.H," 69  1.56 + 0.04 ~(2.41 + 0.01) 0.03 - 0.27
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3.1.2.3 Methylcyclohexane
Simiiarvprimary ions to those already
discussed for methylcycloﬁentane reagent gas were observed
in the electron impact ionization spectrum of methycyclo-
hexane and some possible pathways leading to their formation
from the molecular ion, C7H14T , are given in figure (3.10);
a * again denotes the observation of a supportive metastable
ion decomposition;
Plots of variation in relative ion-currents
with ion-soﬁrce pressure of the principal ions observed
are given in figures (3.11) and (3.12). Only ions of mass:
charge ratio less than 82 show decreases in their relative
ion-currents with increase of methylcyclohexane pressure
and therefore only these are considered to participate in
ion-molecule reactions resulting in the formation of the
product ions C7H14T, C7H13+ andYC7H12T

- 96 respectively). Formation of these ions is considered

(m/z= 98, 97 and

to be by charge exchange, hydride and two atom transfer
respectively as with methylcyclopentane. (c.f. equations
(3.2.8 - 9)). The rate coefficients were obtained from
gradients of the kinetic plots given in figure (3.13) and
(3.14) using equations (3.2.10) and (3.2.5) where o is
the angle averaged polarizability of methylcyclohexane

(12.90 33)112 and p the reduced mass of a reactant ion

and methylcyclohexane.
; +
The ion-currents for the ions C6H11 and

H, .7 were found to be independent of ion-source pressure,

Cetl10
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FIG. (3. 10)

Possible pathways of fragmentation of methylcyclohexane
consequent upon electron impact.
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possibly this was a consequence of-their high stability
resulting from low hydride and electron affinities
respectively. Alternatively these ions could have
arisen from chemical ionisation of small quantities
ca (<0.1)% of methylcyclopentane impurity. Such CI
formed ions would not be as reactive as methylcyclo-
hexane ions. If formation of these two ions was by
fragmentation of product ions, their ion-currents
would have been expected to increase with that of the
'product ion. This was not observed. 1If théy arose
through chémical ionization of methylcyclopentane then

'a considerable ion-current due to CGH T (M/z=84)

12°
should have been observed. (c.f. methylcyclopentane
reagent gas (3.1.2.2)). However its absence suggests

the methylcyclohexane used in this study was free

from methylcyclopentane. The constancy of ion-currents
+ ' + . :

due to C6H11 and CsH1o' has to be attributed to their

relative high stability. This will receive further

discussion in section (4.1.2) together with the relative
magnitudes of rate coefficients obtained for the other

primary ions in Table (3.4).
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TABLE 3.4 Rate doefficients for the reaction of primary
ions from methylcyclohexane with methylcyclohekane
Ion m/z Rate coefficient Log (Ino/zIO) Pressure range
X 1011/cm3 molec ! over which second
S-1 : order kinetics
hold.
........................... /Torr.,
C,H," 27 61.1 % 6.5 ~(4.21 + 0.14) 0.01 - 0.07
c,H,' 290 52.5 + 5.3 ~(4.16 + 0.12) ~ 0.01 - 0.07
CoH," 39 °0.43 + 0.10 ~(4.34 + 0.02) 0.07 - 0.23
CoH,Y 41 22,2+ 1.0 ~(3.27 + 0.06) 0.04 - 0.10
CoHgt - 42 21.4 + 2.4 ~(4.69 + 0.17) 0.04 - 0.11
CoH,® 43 11.7 + 0.5 ~(4.96 + 0.65) 0.06 - 0.15
C,H,® 54 7.90 + 0.24 © —(5.30 + 0.04) 0.07 - 0.15
C,H,” 55  9.43 * 0.22 ~(2.11 + 0.04) 0.04 - 0.17
C,Hg® 56  3.16 * 0.06 ~(3.14 + 0.01) 0.07 - 0.20
CuHy" 57 1.19 * 0.10 -(4.49 + 0.03) 0.04 - 0.24
c;H,” 67  0.61 * 0.08 ~(4.58 + 0.03) 0.04 - 0.24
csﬂgf 68 1.00 + 0.04 ~(3.95 + 0.02) 0.04 - 0.20
C;H,” 69 1.15 * 0.04 ~(3.52 + 0.02) 0.12 - 0.24
C5H10T 70 0.29 + 0.04 -(3.25 + 0.01)  0.10 - 0.24
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3.1.2.4 Ammonia

The NHBT ion (m/z=17) consequent upon the
electron-impact ionization of ammonia fragments by loss
of hydrogen atom or molecule,resulting in the formation
of NH2+ (m/z=16) and NHY (m/z=15) primary ions
respectively. Variations in the relative abundances
of these and higher molecular weight cluster ions, in
ammonia, have been studied as a function of ammonia
pressure (0.01 - 0.6 Torr) and ion source field strength,

(2.5 - 12,5V cm-1

), to facilitate direct estimation of
ion-source pressure from reagent gas spectra.
From a plot of relative ion-currents,

recorded while maintaining an ion-source.field strength
of 7.5V cm-l, against pressure (figure (3.15)) the relative
abundances of ions NHS--F are seen to decrease initially with
increased pressure but to remain essentially constant at
pressures greater than 0.1 Torr, while that of NH4+ increases
to a maximum at ~0.1 Torr. As with hydrocarbon reagent
gases this is attributed to reactions of the primary ions

+

- +
NH,*, NH,

neutral ammonia to produce NH4

and NHY , in this case by proton transfer, with
H

In section (4.2.1) it will be shown that
information concerning the kinetics of these reactions may
be obtained from the gradients of plots of log In/ZI
corresponding to the log of the relative ion current for
ion of m/z=n, against the pressure. Accordingly such

o+ + +
plots for the reactions of NHg* NH, and NH., at an
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ion-source field strength of 7.5 V em™1 are given in
figure (3.16) respegtively. A linear dependence of log
(In/ZI)on;nesaue is observed below an ion source pressure=
Pa. Values of Pa for each ion at various ion-source
field strengths are given in tables (4.2), (4.3) and
(4.4) in section (4.2.1). However above this pressure
a departuré from linearity is.seen until a pressure Pe
above whichlog(In/ZI) femains essentially constant with
further pressure increases. A possible explanation for
this behaviour is given in section (4.2.1).
Reproducibility and the large magnitude of the
variations in log(I /%I) for ions NHST and NH2+ with
ion-source pressure 0.01 - 0.15 Torr and field strengths of
2.5 - 12.5 V cm™ prompted development of a method for
determination of pressure from reagent gas spectra at
<0.15 Torr. This method is described in section (4.2.3.1).
In the pressure range 0.15 - 0.€ Torr the
decrease in relative abundance of NH4+ is commensurate @ith
the increase of NH4NH3+ (figure (3.15)). Such behaviour
is assumed to reflect solvation of NH4+ by neutral ammonia,
the overall reaction written as

NE,T o+ NH, ——— (NH,. NHg)" (3.2.12)

However the mechanism of the reaction is more complicated
than suggested by equation (3.2.12). It will be shown
in section (4.2.2) that information on the kinetics of

reaction (3.2.12) is obtained if log (I;g/rI) (log of
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relative ion-current of NH4+) is plotted against the
square of ion-source ammonia pressure. Accordingly the
graphs in figure (3.17) showlvariations in log (118/21)
at various ion-source field strengths. It is apparent
that a departure'from linearity, in these plots, occurs
at low ion-source pressures and large field strengths.
Further it will be shown in section (4.2.3.2) that,from
measurement of relativé jon-currents of NH4+ in reagent
gas spectra and use of a suitable equation containing -
constants evaluated in section (4.2.2),ion-source
pressures of ammonia in excess of 0.15 Torr may be

estimated.
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'3.1.3 Fluorinated reagent gases.

Fluorobenzene reagent.gas was found to only
ionize aromatic components in hydrocarbon mixtures. A
study of the variation of relative abundance of primary
ions in the feagent plasma Was conducted to ascertain
(a) the most suitable operating pressure, (b) whether
ion-source gas pressure could be determined from the
reagent gas spectra and'(c) the degree of variation in
abundances of '"undesirable'" adduct ions with pressure.
Difluorobenzenes were also studied to investigate whether
these might prove to be more suitable reagent gases.
The results obtained for mono- and difluorobenzenes are

discussed separately.

3.1.3.1 Fluofobenzene

The electron impact spectra of fluorinated
benzenes have been reported iﬁ the 1iterature,113 and are
characterised by particularly large ion-currents for their
molecular ions. However little indication is given
regarding fragmentation pathways. Plausible fragmentations
leading to the principal primary ions are given in figure
(3.18), Whefe a '*' denotes the observation of a broad peak,
resulting from fragmentation of a metastable ion, in support
of the transition. Additionally the mass differences
between primary ions in the spectra of fluorobenzene and

per-deuterofluorobenzene were used to determine the number

of hydrogen atoms in some of the fragment ions.
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Upon increase of ion-source pressure the

relative abundance of the molecular ion C6H5

. 13
and its C-analogue, m/z = 97, increases until the two

F* (m/z = 96)

ions account for ~ 80% of the total ion-current at 0.05
Torr. Above this pressure, although the relative
abundances of the primary ions continued to decrease, no
further increase in that of the molecular ion was observed.
(See Figure (3.19)). However, ions having m/z values
> 96 are observed and their relative abundances increase
with ion-source pressure (Figure (3.20)). It is suggested
that these ions are formed by association reactions of
primary ions with fluorobenzene. (See Section 4.3.1).
For the reaction of a primary ion (RH+,

m/z = n) with fluorobenzene, as given in equation (3.3.1).

RE® + CgHSF i products (3.3.1)

m/z=n

provided the reaction is bimolecular, the rate of

disappearance of RH+ is given by:

+
‘Ql%%;l- k_[RE') C-H,F (3.3.2)
The integrated rate equation is then
: (o]
I
log vl Ly 8 p2C g p * 108 ——  (3.3.3)
51 n 65 £1 :

where % and N are as previously described, (see Section
: ©/51° lative
(3.1.2)),1o0g (In/ZI) and log (In JEI7) are the rela

jon-currents of RH' at ion-source pressures PCGHSF and

say <10~° Torr respectively.
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Values of the rate coefficient kn, are given in Table (3.5)
with the pressure range over which a linear plot of

, . 2
(In/zI) against Pc HF Was maintained. The significance

of the values is discussed in Section (4.3.1).

3.1.3.2 Difluorobenzenes -

Plausible pathways to the formation of
primary ions observed in the electron impact spectra of
difluorbenzenes are given in figure (3.21). In the
case of o-difluorobenzene it is likely that the ion-current
observed corresponding to m/z = 75 results from two ions
wifh different atomic compositions, namely C6H3 and
CBHFZ . This may also be the case in m-difluorobenzene.
However the formation of C3HF2 from p-difluorobenzene is

unlikely since this would require fluorine migration prior

to fragmentation as illustrated below.

— H
(‘ - F/&F TG
CoHoF
‘ - FAH v

The relative abundance of molecular ions
varied little above 0.05 Torr, while the relative
abundances of primary ions continued to decrease with
increased pressure throughout the range studied. Cluster
ions were observed and the mechanism of their formation

is discussed in Section (4.3.2). Rate coefficients for
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TABLE 3.5 Rate coefficients for the reaction of primary ions from

fluorobenzene with fluorobenzene.

Rate coefficient Pressure range over
Ion m/z x 1011/cmr'j‘molec_ls_1 which second order

........... ~.......... kinetics hold/Torr.

Cahy” 77 7.71 + 0.80 0.0 — 012
CeH," 76 4.08 + 0.62 0.01 - 0.14
CoHy" B 8361027 0.01 - 0.16
C HF 70 1.71 + 0.30 0.1 - 0.2
C HF" 6o 3.04 + 0.95 0.09 - 0.21
CHy' 63 1.02 + 0.27 0.1 -0.2
CH," 62 23.0 + 3.16 0.01 - 0.1
CRHF' 57 8.33 + 0.48 0.1 - 0.2
CH," 50 47.85 + 15.3 0.02 - 0.08

.29 + 0.21 0.01 - 0.24
03H3 39 0 +
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the disappearance of prinéipal primary ions have been
evaluated and are given in Table.(3.é)).

The observed relative abundance of the
molecular ions, at 0.2 Torr, of 85% and 83% for o- and
p-fluorobenzene were greater than in fluorobenzene.

In all the difluoro reagents cluster ions with m/z = 145,
151, 171, 175, 177, 182, 189 and 207 were observed.

The ion with m/z = 177 resulting from reaction of the
primary ion m/z = 63 is the most abundant cluster ion.

As with fluorobenzene increase in cluster ion abundance
is commensurate with decrease in a particular primary ion,
e.g. ion m/z = 189 and ién m/z = 75 in o-difluorobenzene,
Figure (3.22). Relative abundances of principal primary
“and cluster ions recorded at 0.05, 0.1, 0.15 and 0.2
Torr are given in Tables (3.7 - 9). Plausible reaction
pathways to the cluster ion are discussed in Section

(4.3.2).
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+ Two ions with same nominal n/z.

'TABLE (3.6) Rate coefficients for the reaction of primary
,,,,,,, ions from difluorobenzens with difluorobenzenes
'~ Rate coefficients X’iol%hmBmolec-ls_l

Ion m/z - o-difluoro ... . m-difluoro p-difluoro
CgHoF, 113 1.02 + 0.16  1.14 + 0.24
CH, F 95 0.83 + 0.18 2.28 + 0.33  0.55 + 0.05
CHF" 94 0.82 + 0.11 1.36 + 0.15  0.35 + 0.10
CoH F 93 14.79 + 1.05  3.96 + 0.20  6.75 + 1.10
C H,Fo" 88 1.36 + 0.28 1.84 + 0.25  0.63 + 1.02
C H,F" 81 3.85 + 0.31  2.06 + 0.15
CgHs t 75 148 * 0.3 4.32 + 0.28 4.37 + 0.14
cHE, Tt 75 1.39 + 0.31
C HoF* 70 3.05 + 0.65 1.23 + 0.26
C HF" 69 33.0 + 2.3 6.44 + 0.80
CH, " 64 2.77 + 0.54 2.18 + 0.21  0.78 + 0.15
CH," 63 1.00 + 0.50 2.96 + 0.15  0.70 + 0.07
CH, " 62 53.0 + 3.0 10.1 + 1.1 40.5 + 7.4
CoH,F" 57 0.27 + 0.11 2.95 + 0.28  5.45 + 0.26
C Hy" 51 '32.8 + 1.8 6.46 + 0.88  23.4 + 2.3
C, Hy" 50 95.3 + 1.4 95.7 + 19.4
CqHy" 39 | 1.34 + 0.30  0.18 + 0.14
C,H," 38 71.0 + 5.9 56.6 + 8.7
Ry 37 131.9 + 27.0  102.3 * 22.6
cF' 31 74.1 + 7.0 17.6 + 3.9

See text.
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TABLE 3.7 Relative abundances of ions in p-difluorcobenzene at various

pressures. . . ... -

"__Relative abundance at pressure x/Torr

Ion m/; """"" 0.01__ 0.05. 0.1 0.15 0.2
+
CaHy 39 0.007 0.005 0.005 0.005 0.004
+
C,H,! 50 0.013 - - - -
+
C,Hy 51 0.006 0.003 - _ _
C3H2F+ 57 0.033 0.019 0.013 0.014 0.012
C5H3+ 63 0.009 0.064 0.045 0.039 0.034
05H4T 64 0..009 0.005 0.004 0.004 0.003
ceHa+ 75 0.020 0.014 0.010 0.006 0.003
+
C,HF,. 88 0.032 0.007 0.005 0.005 0.004
06H3FT 94 0.012 0.005 0.004 0.003 0.003
06H4F2T 114 0.608 0.733 0.745  0.718 0.735
+
t CH,F,t 115 0.040 0.048 0.051 0.053 0.054
C7H4F3+ 145 0.003 0.007 0.008 0.008 0.008
c9H5F2'+ 151 0.004 0.009 0.011 0.012 0.010
+
: - i .011 0.010
CHF," 171 0.003 0.007 0.01
C HFy 175 0.002 0.005 0.006  0.006 0.006
+
- i 0.02 0.030 0.031
Cy B Fy 177 0.008 0.020
+
' - i .002 0.003 0.003
CyHoF5- 182 0.002 0.0
+
i .012 0.019 0.020
CyoH Fy 189 0.002 0.007 0
+
- i 0.004 0.005 0.006
Cy HeFy’ 207 0.003
T HF.*

Carbon thirteen analogue of C

64 2
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TABLE 3.8 Relative abundances of ions in m-difluorobenzene at
various pressures.

Relative abundance ‘at pressure x/Torr

fon. . ..m/z..... 0.01 . . .. .0.05 .. 0.1... 0.15. 0.2
CoH," 39 0.012 0.009 0.009  0.008 0.005
C Hy" 50 0.028 0.001 - - -
c .’ 51 0.008 0.005 0.003  0.002 -
C3HiF+ 57 0.036 . 0.025 0.018  0.013 0.013
cH," 63 0.105 0.095 0.074  0.053 . 0.037
CH,* 64 0.012 0.008 0.006  0.005 0.004
Celly” 75 0.026 0.027 0.022  0.012 0.005
CHF, 88 0.046 0.016 0.012  0.010 0.006
CGHSFLt 94 0.020 0.014 0.012  0.009 0.008
C6H4F2T 114 0.491 0.560 0.540 0.561 0.608

t CgH,Fpt 115 0.035 0.047 0.045  0.045 0.050
CHF, 145 . 0.002 0.013 0.016  0.015 0.010
CoHF," 151 0.003 0.017 0.022  0.021 0.014
CgHéF3+ 171 - 0.003 0.008 0.009 0.009
Cy,HF," 175 - 0.009 0.012 0.011 0.007
011H7F2+ 177 - 0.008 0.028  0.038 0.034
clOH5F3T 182 - 0.003 0.004  0.004 0.004
CiHF, 189 - 0.008 0.018 0.022 0.017
C, BF." 207 - 0.005 0.010  0.012 0.010

1276°3

+
¥ Carbon thirteen analogue of C6H4F2-
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Table 3.9. Relative abundances of ions in o-difluorobenzene at

. various pressures. ..

... Relative abundance at pressure x/Torr .

CIon.. .. mz.. 0.01. ... .. 0.05... . 0.1.. . . 0.15 0.2
03H3+ 39 0.011 0.008 0.007 0.006 0.006
+
C ! 50 0.014 - - _ _
+
- C,H, 51 0.008 0.004 - - -
c3H2F+ 57 0.028 0.017 0.011 0.011 0.010
c5H3+ 63 0.097 0.065 0.041 0.029 0.033
05H4T 64 0.012 0.006 0.005 0.003 0.003
£ CHy" 75 0.027 0.020 0.009 0.006 0.005
+ [
C HFy 88 0.040 0.015 0.008 0.007 0.005
CeHaF T 94 0.016 0.009 0.007 0.006 0.006
+ I
CH,Fy 114 0.536 0.637 0.678 0.703 0.718
+ .
' .03 . : . 0.055
t CgH,F, 115 0.039 0.049 0.053 0.054 0
C7H4F3+ 145 0.006 0.014 0.013 0.012 0.009
CoHF,, 151 0.006 0.019 0.017 0.017 0.003
+ ——
CoHgFs 171 -
+
i .008 0.009 0.007 0.006
C, HF, 175 0.003 0
+ -
) 0.017 0.032 0.031 0.029
C; 1B, 177 0.001
+ — — —
CiofsFar 182 -
+
.002 0.009 0.018 0.021 0.019
CHF," 189 0.00
+
.002 0.005 0.007 0.009 0.007
Cy HsFs 207 Q ooA | > 7

' +
! Carbon thirteen analogue. ¥ Also some C3HF2
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3.1.4 - The chemical ionization mass spectra of

- selected aromatic compoundss changes of

"relative ion-abundance with variation of

" sample pressure,

If analysis of aromatic components in
complex hydrocarbon mixtures, e.g. mineral oils, was to
be accomplished using fluorobenzene reagent gas then
ionization should produce ideally one ionic species per
aromatic compound and‘fragmentation of this species should
be minimal, Since quantitation of aromatic material
was also desired the relative reactivities, towards the
reactant ion, eﬁ;(3.4.1),of typical aromatic compounds were
required in order that any correction factors, resulting
from differences in reactivity, could be applied. To
these ends fluorobenzene chemical ionization of selected
alkylbenzene, alkylnaphthalenes, alkylthiophenes, alkyl-
furans and some miscellaneous compounds was studied as a
function of sample pressure. The results so obtained are
now described.

Upon addition of methylbenzene to the ion-
source giving a partial pressure of 0-4m Torr (see Section
(2.4.2)), already containing fluorobenzene at 0.2 Torr, the
relative abundance of the fluorobenzene molecular ion,

m/z = 96, decreased while that of an ion, m/z = 92, the
methylbenzene molecular ion, increased. This is
attributed to ionization of methylbenzene in a charge

exchange reaction with the fluorobenzene molecular ion.
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+ Kk : +
C6H5F. + C7H8 _— C6H5F + C7H8.‘ - (3.4.1)

m/z = 96 m/z = 92

Since the decrease in relative abundance of fluorobenzene
molecular ion is essentially equally matched by an increase
of methylbenzene molecular ion, Figure (3.23), any reactiong
of other ions in the fluorobenzene plasma are regarded as
negligible, and may be‘neglected. The rate coefficient
for reaction of C6H5FT with methylbenzene acts as a suitable
measure of reactivity. A discussion of the kinetics of
reactions similar to (3.4.1), and their rate coefficients
will be given in Section (4.4). The reaction of the
various alkylbenzenes, alkylnaphthalenes, alkylthiophenes
and alkylfurans were found to be similar to that observed
for methylbenzene. The relative abundances of C6H5FT

and those ions resulting from sample ionization at sample
pressures (Ps) of ~0.5:mTorr and ~3.0 mTorr are given in
Tables (3.10) and (3.11). These tables clearly show that
the.reduction in fluorobenzene molecular ion abundance is
matched by increases in sample ion abundances, indicating
that for all the compounds studied only the reaction of
C6H5FT is of any significance. The relative abundances of
other fluorobenzene ions were invariant with sample
pressure. Additionally table (3.10) shows that ions

with mass to charge ratio less than the sample molecular
ion were observed, but having only small relative

abundances. These ions result from fragmentation of the
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Variation in reactant and product ion abundances for reaction
of fluorobenzene molecular ions (m/z = 96,97) with methylbenzene
as a function of methylbenzene ion-source pressure.
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molecular ions by processes similar to those illustrated

below for n-pentylbenzene

+ +
CiHy —CH; I CH, ' t
_CIOHB —_— -H'
(a) _ (b)
msz=148 ms/z=92 msz=N
(c)

In tables (3.10) and (3.11) 'a', 'b' or 'c' beside relative
abundances indicate that a broad peak at m/z = m*, as given
by equation (1.2.3), support the appropriate pathway. The
relative abundance of fragment ions observed for xylene,
ethylbenzene, mesitylene resulting from loss of a methyl
radical were very low, normally accounting for <1% of the
total sample ion-current. Only isopropylbenzene shows a
higher proportion of fragment ions (m/z = 105), 3% of the
sample ion current, fofmed by loss of methyl radical. No
fragmentation was observed for the alkylfurans and alkyl-
thiophenes studied. Thus since fragmentation ion
abundances are typically less than 1% of sample molecular

ion abundances they may be neglected when analysing complex

hydrocarbon mixtures (see Section (3.2.4)).

T Believed to be the most likely structure formed for

alkyl benzenes. See Ref. (114).
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3.2 CHEMICAL IONIZATION MASS SPECTRA OF
LUBRICANT BASE OILS.

3.2.1 " Ester base oils.

A series of compounds characteristic of those
esters found in modern lubricants were prepared and purified
by the methods given in Section (2.1.3). Physical properties
and spectroscopic data determined on the pure compounds are
to be found in Section (2.1.3) and Appendix III respectively.
The ester fluids comprise two groups, namely those prepared
from dibasic acids and long alkyl chain alcohols, type I
lubricants, and those resulting from esterification of
2-ethyl-2(hydromethyl)-propane-1,3-diol, (Trimethylpropane),
and 2,2-bis(hydromethyl)-propane-1,3-diol, (Pentaerythritol),

with long alkyl chain monobasic acids, type II lubricants.

Ammonia chemical ionization mass spectra of these and a
representative lubricant blending component 'A' were
recorded using the condition described in Section (2.5.1).
Results pertaining to esters of dibasic acids, neopentyl
polyols and lubricant blending component are recorded

separately.

3.2.1.1 Esters of dibasic acids.

The relative abundance of ions resulting
from ammonia chemical ionization, at -ion-source ammonia
pressures of 0.2 and 0.7 Torr of a series of dibasic acid
esters are given in Table (3.12). Examination of this
table indicates that the spectra comprise primarily two

ionic species with mass to charge ratios that can be
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TABLE 3.12.

Relative abundances of ions resulting from anmonia CI of dibasic acid esters.

mwmmmwwm Relative ion abundances Hwo containing ions included
ESTER (M) /Torr A?TQENV+ Az+mv+ ((M+NH, +H) Aﬁz+zmwv ((M+NH, ) - ((M+NH, ) Aﬁz¥zm»VAAszw
-R)* R)* -OR)**  -HOR)*® | -2R)* ° -2R)
((M+H)-R)

bis(Dodecyl )hexandioate o.w 0.881 0.027 0.018 0.003 0.002 0.004 0.004 0.005
"' (Undecyl). " 0.7 0.875 0.028 0.016 0.003 0.001 0.006 0.004 0.005
" (Decyl) " 0.7 0.860 0.032 0.016 0.004 0.002 0.007 0.005 0.006
" " " 0.2 0.632 0.250 0.009 0.004 0.007 0.022 - 0.034
" (1-Methyloctyl) " 0.7 0.750 0.090 0.088 - 0.005 0.007 0.004 0.004
" (2-Ethylhexyl) " 0.7 0.863 0.057 0.016 0.004 0.002 0.004 0.003 0.003
" " " - 0.2 0.543 0.332 0.023 0.003 0.008 0.009 0.002 0.019
'"" (Methyl) " | 0.7 0.943 0.035 0.003 0.002 - - - 0.002
" " " 0.2 0.708 o.wmm - 0.007 - - 0.005 0.002
"' (2-Ethylhexyl)heptandioate 0.7 0.886 0.022 0.019 0.003 - 0.002 0.004 -
"( " Joctandioate 0.7 0.894 0.019 0.023 0.002 0.001 0.002 0.003 0.004
" " )nonandioate 0.7 0.938 0.020 0.018 0.002 - - 0.004

R = Alcoholic alkyl group.
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attributed to addition of é proton ( (M+H)+ ) or ammonium
ion ( (M+NH4)+') to the sample esteé M), e.g.
bis(dodecyl)-hexandioate for which (M+H)+ and (M+NH4)+ ions
account for ~91% of the total sample ion-current,  when ions
containing carbon thirteen isotope are included. However
the ratio of ion-current carried by (M+H)+ and (M+NH4)+
ions was observed to vary considerably with ammonia pressure.
High ammonia pressures producing essentially monoionic
sample spectra, e.g. at 0.7 Torr , 94% of the sample ion-
currént for bis(2-ethylhexyl)nonanedioate was due to
(M+NH4)+ ions. However at lower pressures considerable
qpantities of (M+H)+ ions were produced, e.g. 33% of the
sample ion current for bis(2-ethylhexyl)hexandioate results
from (M+H)+ at ammonia'pressure of 0.2 Torr. Additionally
some of (M+H)+ ions result from fragmentation by loss of
NH3 from (M+NH4)+ ions. Broad peaks at a mass m* (see
equation (1.2.3)) consistent with fragmentation of meta-
stable ions in support of the above stated transition were
observed. Other fragment ions were observed but their
relative abundances were typically less than 2% of the
sample ion-current. Bis(1l-methyloctyl)hexanedioate was an
exception, 9% of the sample ion-current resulted from an
ion, with m/2z=290, consistent with loss of C9H18 from the
(M+NH4)+ cluster ion.

"Metastable peaks'" were observed for
fragmentation by loss of ROH from (M+H)+ ions, where R

represents an ester alkyl group, and for loss of H3N.HOR
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-

from (M+NH4)+'ions. See Table (3.13). . However only small
quantities of the product ions ( (M+ﬁ)—ROH)+ were observed.
At the high ammonia pressure used 'solvation of
( (M+H) - ROH)+ ions is likely to result in a reduction of
these species. Noticeable ion-currents were_detected at
m/z's consistent with the solvated ions (((M+H)—ROH).NH3)+.
Additionally '"metastable peaks'" were observed for formation
of ( (M+NH4) -HOR)+ by direct loss of ROH from (M+NH4)+ ions,
when the number of CH2 units separating the ester acyl
groups (n) was greater than four, see Table (3.13).

115

Weinkam and Gal have proposed a mechanism for exchange

of OR with NH, in ammonia chemical ionization of dibasic

3
acid methyl esters, Scheme (3.1) which requires n> 4.
The data recorded in this study, suggests a similar

mechanism to be operative for long alkyl chain esters.

3.2.1.2 . Synthetic blends of dibasic acid esters.
The results obtained from ammonia CI
analysis of three synthetic mixtures, Blend 1 - 3, are
given in Table (3.14). Good agreement between the values
obtained by ammonia CI and the true composition, percent
weight, was obtained. Since the mixtures contained esters
with different structures, viz degree of alkyl chain
branching and number of CH2 groups separating acidic
functions, it is apparent that structure little affects
sensitivity. From the data obtained it is apparent that
quantitative data obtained by ammonia CI‘Should have a

mean accuracy of *+ 3% absolute.
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: +
TABLE 3.13 Fragmentation of protonated (M+H) and ammoniumated Ag+zmgv+ ions of dibasic

acid esters. szmw = 0.2 Torr).

RO,C(CH,) CO,RH * A RO,C(CH,)_CO" + ROH

RO,C(CH,) CO,R.NH, © —P-= RO,C(CH,) CO" + ROH + NH,

wOMOAOHvaOOMw.Zm» |O|/.\r AwONOAOMNVSOO.zme+ + ROH
ESTER 4 Metastable peaks for fragmentations
RO, C(CH,) CO,R

A B C
m/z Observed Calculated  Observed Calculated Observed Calculated

bis(Dodecyl)hexandioate 181.0 182.6 176.5 176.4 | 197.2
" (Undecyl) " 174.6 176.0 169.1 169.9 190.7
" (Decyl) " 168.5 169.5 163.2 163.0 : | 184.2
" (1-Methyloctyl) " : 162.5 163.0 156.0 156.3 177.9
" (2-Ethylhexyl) " 156.0 156.6 150.0 - 149.7 - 171.6
" (2-Ethylhexyl)heptandioate 168.0 168.9 162.0 161.8 184.0 184.0
" (2-Ethylhexyl)octandioate 180.5 181.4 - 174.0 173.9 197.0 196.6

-
-

(2-Ethylhexyl)nonandioate 193.0 193.9 187.0 186.3 209.5 209.3




SCHEME 3.1 Ammonolysis of dibasic acid esfers.
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TABLE 3.14 Blends of synthetic ester standards.

‘ BLEND 1 v BLEND 2 BLEND 3
COMPONENTS N N Wt. % Wt.Found % Wt. % Wt.Found % Wt. % Wt.Found
Bis(DoDecyl)hexanedioate 53 mHA 27 23 31 29
Bis(Undecyl )hexanediocate 47 49 74 77 27 25
Bis(2-Ethylhex yl)nonanedioate 42

46
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3.2.1.3 Esters of the neopentylpolyols
2-ethyl-2(hydroxymethyl)-propane-1,3 diol
and 2,2 bis(hydroxymethyl)-propane-1,3 diol.
Ammonia chemical ionization resulted in
essentially monoionic sample spectra; at an ammonia
pressure of 0.7 Torr, as shown in Table (3.15). E.g.
2-ethyl-2-pentylcarbonyloxymethyl-1,3 propane—diheanmte (M)
for which 99.6% of theAsample ion-current was due (M+NH4)+

ions. No "metastable peaks'" were observed.

3.2.1.4 Ester lubricant blending component 'A'.

The results obtained from the normalization
and subsequent summation of spectra recorded during'volatil—
azation of the blending component 'A' by the method recorded
in Section (2.5) are given in Table (3.16). Two separate
volatilizations were performed to assess reproducibility.
The mass to charge ratios of the principal ions observed, -

130 analogues, are given in Table (3.16), and

excludiné
assuming these to be (M+NH4)+ ions the molecular mass of any
component, equal to (m/z-18), was readily obtained. The

13C

ion-currents obtained for the (M+18)+ ions, including
analogues were then summed and the relative proportion due
to each ion, molar %, found. Using the molecular masses,
deduced from the ion mass to charge ratios,the percentage
weight of each component could be obtained and is appended
in Table'(3.16). Clearly reasonable reproducibility

between the two evaluations was obtained,particularly since

the results are the mean of ~60 spectra recorded over a
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TABLE 3.15 Proportion of sample ion current associated
with the ammoniumated (M+NH4)+'ion in the
ammonia chemical ionization spectra of esters
(M) Qf neopentyl polyols.
Acyl group ~fApohpl;p'group‘
RCO 2-Ethyl-2(hydroxymethyl) bis-2,2(hydroxymethyl)
AAAAAAAAAAA -1,3-propanediol .. ... .~=1,3-propanediol
Pentaoyl - 99.4 97.3
Hexaoyl - 99.6 98.1
Heptaoyl - 98.6 ; Mass spectra not
Octaoyl ~ 96.9 ) recorded owing to
) 1
ow sample
Nonaoyl- 97.1 ) P

volatility.
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period of 6 minutes (see Section (2.5)).'AThe observed ion

mass to charge ratios are consistent with those expected
for dibasic acid esters which differ in mass by one CH2,
(mw = 14), unit.

At the high ion-source pressure used,
0.7 Torr, no fragment ions were observed, and thus no
information -regarding the acid moiety of the ester could
be obtained directly. However, as seen from Table (3.12),
at lower ammonia pressures there is an increase in the
relative abundances of ( (M+H)—2R)+ ions, for example
bié(ethylhexyl)hexandioate and bis(decyl)hexandioate.
Thus by obtaining spectra of blending component 'A' at
lower pressures, ca.0.2 Torr, it should be possible to
observe ions which will indicate both their molecular mass
and tae carbon number of the remaining  acidic moigty, Such
an analysis was conducted on blending component 'A'. The
only fragment ion cbserved with m/z consistent with a
( (M+H)—2R)+ structure was m/z=145. If this ion is assumed
to be of ( (M+H)—2R)+ type, where M is the ester and R the
alcoholic alkyl groups then the ion observed may be
assigned the molecular formula CGH904' This ion would
arise from esters of hexandioic acid. Accordingly the
carbon number of the acid and of the various alcohols used

in preparing blending component 'A' may be deduced and

the components named accordingly, Table (3.17).
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Relative abundances of principal ions observed

- in the ammonia chemical ionization mass spectra

of ester lubricant blending component 'A'.

Mass to charge

Relative proportions

o molar % +. .. . % Wt.

ratio (m/z) (m/z - 18)

of principal

samglé iégs. Run 1 Run 2 Run 1 Run 2 Mean
500 482 5.0 3.9 4.8 3.7. 4.3
514 496 24.7  24.5 24.2 24.0 24.1
528 510 65.0 67.8 65.5 68.3 66.9
542 . 524 5.3 3.8 5.5 3.9 4.7
+ See text

TABLE 3.17

Identities assigned to components observed in

blending component 'A'

(M+18)" ion

...... (m/z) RMM . Adipates
500 482 bis(Dodecyl)
514 496 Tridecyl,dodecyl
528 510 bis(Tridecyl)
542 524 Tetradecyl,tridecyl
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3.2.2 - Hydrogenated polyalpha-olefin base oils.

Chemical ionization mass spectra of
hydrogenated polyalpha-olefin (PAO) base oils were obtained
using (i) methane, (ii) nitric oxide and (iii) mixtures of
nitrogen and nitric oxide as reagent gases. Although spectra
obtained with nitric oxide exhibiﬁed less fragmentation,
little data was collected,-because the eése of
oxidation of the source filament resulteq in failure after
only 4-6 hours operation. However, as noted by Hunt and
Harvey,71 if nitric oxide is mixed with suitable quantities
of nitrogen, (see Section (2.5)), oxidation is prevented
and normal filament lifetimes are possible. Spectra of PAO's
obtained using a mixture of nitrogen and nitric oxide as
reagent gas showed little difference from those obtained
with pure nitric oxide. For these reasons discussion is
concentrated on data obtained using either methane or
nitrogen/nitric oxide mixtures as reagent gases.

All the PAO's studied were industrial
products and are referred to here only by a reference number.

Viz SHC-1 to SHC-30.

3.2.2.1 Methane'chemical ionization (CI) of
hydrogenated polyalpha-olefin base oils.
Samples were volatilized into the ion-source
from the direct insertion probe and spectra recorded at probe
temperatures of 50,100,150,200 and 250°C as described in
Section (2.5). Since the fluids nqrmally contained more
than one componenthvolatilization occurred over a range of

temperaturest1 d tz specific to each base o0il; spectra were
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obtained within this temperature range.

A typical methane Ci spectrum of the
baSe oil, SHC-7, recorded at a probe temperature of 100°C,
is given in Figure (3.24 ). The base peak in the spectrum
has m/z = 337, and knowing that only carbon and hydrogen
are present indicates it corresponds to 024H49+. Another
ion m/z = 449, of considerably lower relative abundance,
C32H65+’ was similarly observed. Both these ions have
relative abundances considerably in excess of all others
having‘m/z >M-60 and M+60. Therefore it is likely that
C24H49+ and 032H65+ afe (M—l)+ ions, where M is the mass
oﬁ the PAO, resulting from hydride exchange between methane
reagent gas ions and the synthetic hydrocarbon molecules.
The parent molecules are the long chain alkanes C24H50
and 032H66’ The carbon number of (M-l)+ ions observed
in spectra recorded throughout the volatilization of SHC-7,
at probe temperatures of 100, 150 and ZOOOC, are recorded
in Table (3.18) along with similar information obtained
for the other base oils studied. From Table (3.18) the
number of components, and the number of carbons in each,
for each base o0il is readily obtained, e.g. SHC-7
contains three components having 24, 32 and 40 carbons
respectively.

From Figure (3.24) it is apparent that
although the '"pseudo molecﬁlar ions" (M-l)+ are clearly
visible, considerable fragmentation occurs by successive

| ‘loss of alkene units ie 14n daltons. In most of the methane

—
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" TABLE 3.18A Principal (M-l)+ ions from methane CI of

synthetic hydrocarbon lubricant base oils.

Solid probe
Base oil Temperature

S Jec ... Carbon number of principalA(M—1)+ions+
SHC-1 50 24, 23, 20,19, 27,28,
100 27, 28, 32, 31
SHC-2 50 - 30, 20
. 150 30
SHC-3 150 30
200 30, 40
SHC-4 150 30
‘ 200 ~ 30, 40
250 40
SHC-5 150 30, 28, 32, 42, 44
200 42, 44, 46
250 44, 42, 46
SHC-6 250 42, 44, 48
SHC-7 100 24, 32
150 24, 32
200 32, 40
SHC-8 100 24, 32
150 24, 32
200 32, 40
250 32, 40
SHC-9 - 50 20
SHC-10 150 30
SHC-11 100 30, 40
150 40
SHC-12 250 40
SHC-13 100 24,32
150 24,32
200 32

T (1) Ions in decreasing order of relative abundance from
left to right.

(ii) Most abundant ions are underlined.
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TABLE 3.18B Principal (M-1)' ions from methane CI of

hydrogenated polyalpha;olefin lubricant base

Solid probe

Base o0il Temperature
."jéc ''''''' .4f '.Cgrbpp ppmber‘Qf‘pripcipali(M—1)+ionsf
SHC-14 100 26, 24, 28, 36, 38
150 26, 28, 34, 36, 22
200 34, 36, 38
SHC-15 100 26, 24, 28
150 26, 28, 24, 30
200 28, 30, 34, 36
SHC-16 100 24, 22, 26, 28
150 26, 28, 24, 30, 32
: 200 34, 36, 32, 38, 40
SHC-17 150 24, 26, 28, 30
200 30, 32, 34, 36, 38
| . 250 36, 34, 38, 40
SHC-18 150 26, 28, 30, 32, 34
200 34, 36, 32, 38, 40
SHC-19 150 26, 28, 30, 32
SHC-20 150 30
200 30
SHC-21 150 30
200 30, 40
250 30, 40
SHC-22 150 30
’ 200 30, 40
250 30, 40
SHC-23 150 30
200 | - 30, 40
250 30, 40

SHC-24 - No clear (M-l) iqqs.»

+ (i) Ions in decreasing order of relative abundance from
left to right.

(ii) Most abundant ions are underlined.
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TABLE 3.18C  Principal (M-1)" ions from methane CI of

hydrogenated polyalpha-olefin lubricant

base oils.

Solid probe

Base o0il Temperature
.... /éC S Carbop'pumbgr‘pf principal (M—1)+ions+
SHC-25 )
) Series ending at C40
SHC-26 )
SHC-27 100 24, 32
SHC-28 150 30
200 30,40
250 40
SHC-29 150 30
200 30,40
250 40
+

(i) Ions in decreasing order of relative
abundance from left to right.

(ii) Most abundant ions are underlined.
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spectra less than 10% of the sample ion current was
derived from the'(M—1)+'ions. Suéh high fragment-ion
abundances precluded the use of (M—l)+ ion abundances
for quantitation of each component.

Howard, McDaniel; Nelson and Blomquist25 have
shown that the position of branching in long chain alkanes
may be deduced from the relative abundance of fragmentations.
Although the above authors observed less fragmentation,
since they used higher reagent gas pressures, ca.0.5 Torr,
the rules they proposed can still be applied to the data
collected in the current study. In particular, by using
the observation that fragment ion(s) resulting from
o-cleavage at a methyl branch point were more intense
than adjacent ion fragments. Since synthetic hydro-
carbons are normally prepared from oa-olefins only one
such methyl branch per molecule is expected.

This being so,only the fragment ion resulting
'from loss of CHS- from the molecular ion should be
considerably more abundant than its adjacent fragments.
However this was not the case for several fluids which .
exhibited particularly abundant (M—29)+ fragmenté..
To highlight these observations the relative abundance
of (M-1)*, (M-15)", (4-29)" and (M-43)" ions of the PAO
component, in several base oils are given in Table (3.19).
The significance of the ratios of (M-15)7; (M-29)";

(M—43)+ abundances will be discussed in Section (4.5.2).
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TABLE 3.19A Variation in relative abundance of fragment ions in the methane chemical ionization mass spectra
of various hydrogenated polyalpha-olefin base oils.

Base Probe " Peak height + Relative abundance _ Ratio
0il Temp (M-1) (a) (b) (c)
oc M1 . M-15 . M-29 M43 m/z M-15 . M-29 M-43 a:b:ec
SHC-1 50 1.75 1.60  0.65 0.6 337 o1 37 34 10:4:4
100 0.80 0.80  0.31  0.38 393 100 38 a7 10:4:5
SHC2 150  0.80 0.10  0.06  0.09 421 12 7 11 10:6:9
SHC-3 150  0.90 0.18  0.12  0.17 421 19 13 18 10:7:09
SHC-4 100  0.55 0.15  10.13  0.15 421 27 23 27 10 : 8 : 10
SHC-7 50 9.0 1.25 0.8 1.05 337 14 9 12 10:6: 8
100 0.33 0.08  0.04  0.05 337 24 11 17 10:4:7
150 1.0 0.20 0.14  0.15 449 20 14 15 10:7:7
SHC-8 200  0.65 0.17  0.13  0.18 449 26 19 28 10 :7: 11
SHC-9 50 0.44 0.11  0.07  0.14 281 24 15 31 10 : 8 : 15
SHC-10 150  0.20 0.02  0.01  0.02 421 10 5 10 10 : 6 : 13
SHC-11 150  0.18  0.03  0.02  0.03 421 14 8 14 10 :6: 10
SHC-12 250  0.12  0.03  0.02  0.03 561 25 13 21 10:5:8
SHC-13 150  0.41  0.05  0.04  0.05 337 12 10 12 10 : 8 : 10
SHC-20 100  0.17 0.05  0.07  0.06 421 27 40 33 10 : 15 : 12

SHC-21 150 0.24 0.07 0.09 0.09 421 29 38 35 10 : 13 : 12

1 Normalised to (M-1) ion intensity.
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TABLE 3.19B Variation in relative abundance of fragment ions in the methane chemical ionization mass spectra

of various hydrogenated polyalpha-olefin base oils.

Base  Probe " Peak height . Relative abundance &= Ratio
0il  1emp | (M-1) (a) ) (c)
oC . M-1.. . M-15  M-29 = M-43 . m/z M-15 . M-29 M-43 a:b:c
SHC-22 150 0.1  0.03 0.05 0.04 421 25 45 10 10 : 18 : 16
200 0.15 0.04 0.06 0.05 © 421 27 40 30 10 : 15 : 11
SHC-23 150 © 0.17  0.05 0.07 0.06 421 27 40 33 10 : 15 : 12

SHC-27 100 0.15 0.08 0.07 0.09 337 50 46 60 10 : 9 : 12

+ Normalised to (M-1) ion intensity.



181

3.2.2.2 Nitric oxide chemical ionization of hydrogenated
polyalpha-olefin base oils.

As noted above use of the reagent gas resulted
in a reduction of both fragmentation, Figure (3.25), and
filament 1life. Tﬁe latter precludes regular use of this'
reagent. Unfortunately a"Townsend Discharge'" , which can
operate in oxidising atmospheres, is not readily available

for most mass spectrométers.

3.2.2.3 Nitrogen/nitric oxide mixture chemical
ionization of hydrogenated polyalpha-olefin

base oils.

The NO/N2 and methane CI spectra of SHC-11 given
in Figure (3.26) clearly show that the reduction in
fragmentation obtained using nitric oxide only, . (see
Figure (3.25)) is maintained when nitrogen is added.

.It was found that by reducing the quantity of sample
introduced into the ion source and using a linear temperature
ramp for the probe heater, further reductions in
fragmentation were obtained. See Figure (3.27). The
spectrum of SHC-30 shown in Figure (3.27) was acquired
using the data system, (see Appendix (2)), which facilitated
spectra acquisition throughout the period of sample
volatilization. The total ion-current chromatogram

Figure (3.27) obtained during the volatilization of SHC-30
indicates two components to be present,the lower boiling
component having an (M—l)+ ion with m/z = 505 equivalent

. +
to C, H and resulting from 036H74' The (M-1) ion

+
36773
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for the higher boiling material was not observed since
it had m/z > 600, i.e. above the limit of the calibration

routine of the current data system.
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3.2.3 : Synthetic aromatic hydrocarbon lubricants

Three representative synthetic aromatic
hydrocarbon lubricating fluids, SAH1, SAH2 and SAH3 were
initially analysed using.fluorobenzene reagent gas.
Since fluorobenzene only ionizes aromatic matérial NO/N2
chemical ionization spectra were also recorded to detect
any non-aromatics. Only SAH1 contained noticeable
quantities of non—aro@atic compounds, indicated by odd
mass ions in the NO/N2 spectra. The mass and relative
abundance of the principal ions observed for each fluid
are given in Tables (3.20) and (3.21). The ions are

grouped according to the structural assignment described

in Section (4.5.3).
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TABLE 3.20 Mass to charge ratios (m/z) of the principal
ions observed in the fluorobenzene and NO/N2
CI mass spectra of the synthetic base oil SAH1
Carbon A St;uctura,l type * b
number m/z R.A. m/z R.A. m/z R.A. m/z R.A.
20 281#
21 205 F 1
22 309 +
23 308
24 322
25 336 3
26 358 Trace 356 Trace
27 372 4 370 2
28 386 12 384 4
29 400 19 398 5
30 414 17 412 5 421 4
31 428 6 426 2
32 442 2
Total R.A. 60 8 18 4

* See Scheme (4.4) for structures.

i Only observed when using NO/Nz reagent gas.
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TABLE 3.21 Mass to charge ratios (m/z) of the principal
ions observed in the fluorobenzene CI of the
synthetic base oil:-

.1 - SAH2.

Structural type *

Carbon E P G
number m/z R.A. m/z R.A. m/z R.A.
18 230 4 236 81 242 5

19 250 Trace
24 306 3 312 4 318 3
Total R.A. 7 85 8
.2 - SAH3
Structural ' Carbon number
type * 20 21 22 23 27 28 29
H (m/z) 258 272 286 300 348 362 376
Relative
abundance
R.A. 11 34 35 10 4 3 3

See Scheme (4.4) for structures.
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3.2.4 " Fluorobenzene chemical ionization mass

- spectrometry of mineral oil lubricant base

Two representative mineral base oils, MIN.1
and MIN.2were analysed by fluorobenzene chemical ionization
mass spectrometry. Spectra were acquired during
volatilization of samples by the method described in
Section (2.5). It was found that the intensity of ion
m/z=247 in the fluorobenzene reagent gas plasma was
invariant with the quantity of aromatic sample introduced
into the ion source. Therefore the intensity of this

ion was monitored, throughout mineral o0il volatilization,
and spectra normalised to it prior to the summation
procedure described in Section (3.2.1.4). The "total

mass spéctrum" of the 0il so obtained for MIN.1, viscosity
5.1 centi stokes at IOOOC, is given in Figure (3.28),
spectrum A. The height of each line representing the
molal abundance of each ion. Since the fluorobenzene
chemical ionization results in ionization of only aromatic
hydrocarbons and without fragmentation, (see Section (4.4))
each ion, mass m, in spectrum A represents an aromatic
compound of molecular mass m. Additionally, the

relative abundance of each ion represents the relative
concentration, (molar percent of total aromatic material),
of each component, provided sensitivity towards ionization
does not vary between compounds of different structure and
molecular mass. See sections (4.4) and (4.5.4).

In order to determine the quantities of



190

1 Spectrum A

Lot ) L)
) () y T T T y T y T Y T T T T g
320 340 s 300 400 420 440 Q'CO ' 4|lo ! E'N ' llzﬁ ' 5'40 ' l|'¢ ' l"ll ' llNl

" | Spectrum B |

T ™7 T T
320 340 360 3 400 420 440 4‘60 ' &

T T
880 €00

-
g
n.
‘-
"

" Spectrum C

R.A,

| W AT l..l“.llll“ NURTEE
A Sy e M e iy ey ey L SN ENLE I ey Ea e et Mt st e Tt ™
320 340 380 300 400 420 440 480 420 $00 s20 s40 (11} €80 €00

Fig. (3.28) Fluorobenzene chemical ionization mass spectra of
mineral oils. .




191

each aromatic component present a known quantity of an
internal standard, viz. triphenylbenzene m/z=306, was
added to MIN.1 and the "total mass spectrum" obtained,
e.g. spectrum B figure (3.28). Examination of this
spectra showed that an ion'm/z=306 is the only distinguish-
ing feature from spectrum A, thus demonstrating the
excellent reproducibility of successive analyses.

Knowing the quantityrof standard added to MIN.1 prior to
analysis, i.e. as percent weight (WS), and using equation
(3.4.2) the quantity (% th), of aromatic constituents
giving an ion mass m, was readily obtained from its

).

relative abundance (R.A.m

5wt = (B-A-p/m) x WS (3.4.2)
(R.A.306/306)
The quaﬁtities so obtained, grouped according.to compound
type, i.e. value éf z, as defined in equation (3.4.3)
where (C=carbon and H=hydrogen, are recorded in Table
(3.22).
(3.4.3)

Aromatic compounds containing only carbon and
hydrogen with z = 6,8,10,12,14,16 and 18 may be taken to
correspond to: alkylbenzenes, cycloalkylbenzenes,
dicylcoalkylbenzenes, alkylnaphthalenes, cycloalkyl-
naphthalenes, dicycloalkylnaphthalenes and alkylanthracenes
respectively.

The data obtainedﬁfrom a similar

analysis of the higher boiling fluid, MIN2 of viscosity
7.8 centi stokes at 100°C is given in table (3.23 ) and

spectrum C. ( Figure 3.28)). As expected
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the aromatic components in MIN.2 are of higher

molecular mass than those in MIN.1. Additionally

the chemical composition of the two fluids are

markedly different. The major components of MIN.1,

at all carbon numbers are the alkylbenzenes, (z=6),
whereas the cycloalkylbenzenes, (z=8), are dominant

for carbon number greater than 30 in MIN.2. Interestingly
the quantities of cycloalkylnaphthalenes, (z=14), are
greater than those of alkylnaphthalenes, (z=12) in both
fluids.

The aromatic content of MIN.1 had'previously
been determined by the Brandes method,11 which determines
" the total weight percent aromatic carbon in a fluid.

For comparison weight percents aromatic carbon, present
as each component were determined, and are recorded in
Table (3.24). The value for total weight percent
aromatic carbon of 5.9% so obtained is in good agreement
with the value of 7 + 2% obtained by the Brandes method.
A similar determination for MIN.2 gave a value of 2.0%:
somewhat lower than that of 5% obtained by the Brandes

method.
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4.1 REACTIONS IN HYDROCARBON REAGENT GASES

The values obtained for rate coefficients,
for reaction of primary ions with iso-butane in this
study were generally slightly lower than those obtained
in a previous study.52 Additionally,as indicated by the
experiments with methane,the effective mean-ion drift
distance is 0.2 cm and as such was used in estimation
of residence time for iso-butane primary ions.

Some doubt must be cast on the preésure
determination in either this or the previous examinations
'of‘the iso-butane plasma in this laboratory. It has
already been shown that ion-source iso-butane pressures
measured simultaneously by both the Baratron and Texas
gauges gave essentially the same reading (see 2.3.3).
However it should be noted that the original probe used
to couple the Texas gauge to the ion-source was modified
prior to the comparison of the two gauge systems. The
modification ensured proper penefration of the ion-source
cavity by the probe tip (see figure (2.1)) and increased
the confidence in the measuring of ion-source pressures.
The iso-butane used in this study was dried prior to its

introduction to the ion-source to eliminate the

52,116

possibility of water acting as a third body. leading

to enhanced rates of reaction. However it seems
unlikely that the small quantity of water known to be

present in iso-butane (~ 0.1%) would result in any
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significant increase in rate coefficients for the
reaction of its primary ions. Therefore it seems more
plausable that dpring the earlier measurements there was
either poor seaiing between the Texas-probe and the

ion-source or insufficient penetration of the ion-source

5 with the result that the pressuré

cavity by the probe
*

readings consequently were lower than the true ion-source pressure.

Subsequent redetermination of rate coefficients

- for the reaction of the primary ion C,H * with iso-butane,

377
over a period of 1% years, have shown excellent agreement
with the value of 3.16 x 10" 1 cm® molec™ls™! recorded in

‘table (3.1) and lead to increased confidence in the values
of rate boefficients for the other primary ions reported
here. Confidence in the reproducibility of these

rate coefficients has been used routinely to ascertain
whether reconnection of the Baratron gauge to the ion-
source had been successfully achieved after periods of
removal for either cleaning or mass spectrometry of low

volatility materials (see 2.3.2), e.g. lubricating fluids.

4,1.2, Dependence of rate coefficients on ion

stability and structure of neutrals.

Cyclohexane18 has been used as a reagent gas,

for preferential ionization of aromatic components in
hydrocarbon mixtures, in a photo-ionization mass spectro-
meter, Initially it was hoped that methylcycloalkane
reagent gases would be suitable for use in mass spectro-

meters where primary ionization is by electron-impact.
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- Provided the reagent gas plasma consisted of primarily
moleculaf ionsthen the low ionizafion potential.(IP)

of alkylcycloalkanes (viz.methylcyclohexane IP = 9,76eV)
would make reaction with alkanes unfavourable. Aromatic
compounds whose ionization potentials are less than 9.8eV
would be ionized by charge transfer. Thus preferential
ionization would be achieved. However,at ion-source
.pressures of +~0.2 Torr the reagent gas plasmas of methyl-
cyclopentane and methylcyclohexane are not mono-ionic;
three ions contribute to ~80% of the total ion-current.
Further, the principal ion in each case arises from
'hydrogen atom loss from the molecular ion. The main
reaction channel of such an ion is hydride transfer and
accordingly it can ionize both alkanes and cyclo-alkanes.
Preferential ionization of aromatic hydrocarbons is thus
unobtainable with these reagent gaseé.

The high abundance of (M-1) ions in the methyl
cycloalkane plasmas is similar to that observed for iso-
butane where, above 0.4 Torr, C4H9+ accounts for > 95% of
the total ion-current. Additionally the mechanism of
formation of these ions is the'same, mainly hydride transfer.
Since the methylcycloalkanes are more complex molecules it
is interesting to compare the rates of reactions of primary
ions with different neutral reagents., Such a comparison
is given in Table (4.1), from which it is seen that rates
of reaction increase with complexity of the neutral and,

+ +
with a few exceptions (viz. CSHB and C4H5 ) ,decreases
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with the complexity of the reactant ion. The low
reactivity of ions C’H3+'and C4Hs+~ may be ascribed to
their possessing the particularly stable cyclopropenium
and methylcyclopropenium structures. Such variations
in rate coefficient with ion and neutral complexity are
in broad agreement with the observations of Field and
Meot—Ner117 for slow ion-molecule reactions. Therefore
one may conclude that a similar mechanism operates, viz.
that an energy barrier; which is assumed to decrease with
increasing exothermicity of reaction, exists between the
collision complex‘{Rl-H ....R2]+ and the associated
_products [Rl....HR2]+ (see Fig.(4.1)). However it
should be remembered that for a true comparison it is
necessary to assume that primary ions Qf similar mass
derived from cycloalkanes and iso-butane have similar
excess energy. This is unlikely, since those ions
generated from alkylcycloalkane precursors may well
possess less excess energy since they are the product 6f
more successive fragmentations,

In methylcyclopentane the rate of reaction
of C4H8T (m/z = 56) is much larger than that expected
from compariSon with its rate with methylcyclohexane.

Since the ionization potentials of all C4H8
molecules are lower (by ~ 0.4 eV) than that of methyl-
cyclopentane, charge transfer would be endothermic.
If its reaction was only feasible by charge transfer, it

: +
would be necessary to postulate that C4H8- was formed

in an excited state, i.e. possessing considerable excess
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Comparison of the rates of reaction of primary ions of

same mass to charge ratio with reagent gases iso-butane,

methylcyclopentane,. and methylcyclohexane,

Ion m/z Rate coefficients
, x 10 15/2m molec ls™1
Iso-butane Methylcyclo- Methylcyclo-
.................... ... pentane .. ... . hexane
CH " 27 16.0.+ 0.8 24.2 + 1.3 61.1 + 6.
oot 29 13.0 + 0.4 21.3 + 1. 52.5 + 5.

275 - B -

CH 39 0.20 + 0.04  0.99 + 0.08  0.43 + 0.1
CH " 41 6.88 + 0.16  14.9 + 0.5 22.2 + 1.0
CoHg" 42 7.43 + 0.18  15.5 + 0.9 21.4 + 2.4
C.H, "

377 43 3,16 + 0.04  9.63 + 0.29  11.7 + 0.5
o A 53 1.12 + 0.06  3.39 + 0.27  not evaluated
C Hg 54 not evaluated 5.78 + 0.32  7.90 + 0.24
c,i,’ 55 2,08 £ 0.08  5.43 * 0.18  9.43 * 0.22
C Hot 56 1.28 + 0.04  3.14 + 0.04  3.16 + 0.06
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internal energy. However as shown in section (3.1.2.2)
C4H8'+ may react via a two atom transfer reaction with
methylcyclopentane, forming CGHIO‘+ (m/z = 82). In

o
4H8 is

+,
6H10 . Therefore

it seems likely that C4H8T reacts primarily by the two

figure (3.6) it is seen that the decrease in C

commensurate with an equal increase in C

atom transfer route and that removal of hydrogen from
methylcyclopentane is particularly facile.

In the methylcyclohexane plasma the relative
abundances of ions m/z = 83 and 70 attributed to 06H11+
and C5H10T were observed to be invariant with pressure.
This behaviour is attributed to their low reactivities.
Since the ionization potentials of pentanes are consider-
ably lower than methylcyclohexane ¢ f C.H :

5710°
pentenyl structure,charge exchange would not be energetic-

has the

ally favoured. Whereas if it was cyclopentyl,since the
"ionization potential of cyclopentane (10.34 eV)111 is
considerably greater than that of methylcyclohexane,charge
exchange would be expected. Thus the observed low
reactivity may indicate C5H10f to be a pentenyl ion radical.
Such a structure would be consistent with the fragmentation
pathway postulated.(figure (3.10)).  If the CH,," ion
exists primarily as a cyclic structure then its hydride

affinity would be expected to be similar to that of
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Thus the reaction of C6H11+ with methylcyclohexane would
be very slow as observed. However if ring opening occurs
earlier, then its reaction with méihylcyclohexane might
reasonably be expected to be faster. Therefore it
-seems likely that the ion m/z=83 is cyclo—06H11+.'

The considerable variation in the relative
abundance of ions m/z=56 in methylcyclopentane and
m/z=55 in methylcyclohexane prompted the development
of a method for estimation of ion-source reagent pressures
directly from reagent spectra. The method used was
similar to that previously reported for iso—butane52

and is given below.

FIGURE 4.1 ENERGY PROFILE FOR HYDRIDE TRANSFER

REACTIONS OF PRIMARY IONS IN ALKYL AND

CYCLOALKYL REAGENT GASES.

RH R;

Ry RH

[Ritt-Ry [Ri-~-HRy]
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4.1.3 A method of estimation of ion-source pfessures

for methylcycloalkane reagent gases.

The reactions of primary ions from cycloalkane
reagent gases with the neutral reagent may be represented
by equations (4.1.1) for hydride transfer and (4.1.2)

for charge exchange.

+ h +
R1 + c—CxHy —_— RlH + c—CXHy_1 (4.1.1)

+ 4 kq +
R.H- + ¢c-C_H —_— R.H + ¢-C_H- (4.1.2)

1 X'y 1 X'y

Since these reactions would be expected to obey pseudo

first order kinetics the kinetic equations are:

I
R
log] ™1 = - Nk, 1, P (4.1.3)
o h Rl C—CXHy
IR
1 —
I - .
log | 'R4H = _NK_ 1 P (4.1.4)
1 a "RyH Fe-C_H
I (o}
RlH

where N, T, Pc—C g are described in Section (3.1.1).
Xy
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k_and k, are the rate coefficients for charge and hydride
exchange as recorded in tables (3.3) and (3.4) for
methylcyclopentane and methylcylcohexane. Rearrangement

of (4.1.3) and (4.1.4) yields

Pc—C H = log — N 1t k (4.1.5)
X'y I

where I_ and I °
n n

are the relative . ion-currents” of, the
reactant ion (m/z = n) at pressure P and P <'10_5 Torr, N
is as .given in equation (4.2.29), Tnis~the reactant ion
residence time as evaluated from equation (3.1.9) and knis
the rate coefficient; Thus from measurement of the
relative ion-current of a reactant ion, a knowledge of

the mean drift distance of ions (see section 3.1.1) and
the ion-source temperature; and using values of kn and

In0 recorded in tables (3.3) and (3.4), fhe ion-source
pressures of the two cycloalkane reagent gases studied
may be estimated. For»the best results it is recommended
that a primary ion whose relative ion-current varies con-
siderably with pressure’ be used, e.g. CéHgf m/z = 56Vfor
methylcyclopentane and C4H7T m/z = 55 for methylcyclo-

hexane.
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4,2 MECHANISMS AND EVALUATION OF DISAPPEARANCE
RATE COEFFICIENTS FOR REACTIONS OF IONS
IN THE AMMONIA REAGENT GAS PLASMA.
Reactions of primary ions resulting from
electron impact ionization of ammonia, leading to the
- formation of NH4+, at ion-source pressures less than
0.15 Torr, are discussed in section (4.2.1). The
solvation of NH4+ by neutral ammonia observed at pressure

in excess of 0.15 Torr is discussed in section (4.2.2).

4.2.1 " Reaction of primary ions from ammonia with

" ammonia,
+

The primary ions NH3 , NH * and NHt (m/z = 17,

2

16 and 15) react by proton transfer with ammonia to

form NH4T
ki7 +
+ o .
NH3 + NH3. —_— NH4 + NH2 (4.2.1)
k"
NH, + NH,' —28%  xp," o+ N (4.2.2)
+ Nu? “15 Ng,* o+ N (4.2.3)
NH3 _——_> 4 . .
Additionally some NH2+ may react by charge transfer as
shown in 4.2.4.
k'" +
NH, + NH," —28 5 N ¥+ NH, (4.2.4)

Provided the proportion of NH4+ formed by reaction of the

' . + .
secondary NHST; generated from reaction of NH2 with

ammonia (reaction 4.2.4), is small compared to that

+ .
produced from the molecular ion NH3- resulting from electron
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impact of ammonia (viz. at low ion-source pressures and
short jion-residence times) the rgte equation for
disappearance of NHST' is

. j{NH3f[1 'y +

-d -—:a:——- = kg, [ NHSHNH;Y ] (4.2.5)
Hence applying pseudo first order kinetics and taking the
relative ion-current (117/21) recorded in the mass spectrum
. to truly reflect the ion abundance in the source

(o] !
log (I;,/X1)- log(I,, /TI®%) = -k!'_ NP

17 “°NH., ‘17

3
(4.2.6)

and the rate coefficient ki7 may be evaluated provided

the ioﬁ-source residence time of NHST, (117) can be
estimated. Since the ion-source ammonia pressure is low
and the ion and neutral are both small in size it is
reasonable to assume that ion mobility will be little
affected by collisions and hence the free fall formula
(equation (3.1.5)) may be used for estimation of T17.
Accordingly T17 is then independent of pressure and a
straight line should be obtained for a plot of logs of
relative ion-current against pressure. A plot for data
obtained at 7.5 V cm_1 ion-source field strength is given
in figure (3.16). Disappearance rate coefficients-
calculated from the gradients of such lines are recorded
in table (4.2). Additionally values of Piz the ion-

source pressure for which values of T17 estimated by both

free fall and ion-mobility assumptions are equivalent,
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P;7the pressure above which plots of log (Ir%ZI) against
pressure ceases to be linear, and Pé7the pressure above
which log (117/21) is essentially invariant are tabulated.

Equations similar to (4.2.6) may be derived for reaction

+ + ¥ n ol
of NH, and NH* and values of k , p, and P, for ions

of m/z = n, are given in table (4.3) for n = 16 and table

(4.4) for n = 15,

The rate of disappearance of NH2+ is the sum

of the rates of reactions (4.2.2) and (4.2.4). Hence

q [NH2+] " . + "t ) +
- = - ki [NHg) {NH,'} + kg INH;) {NH,")
or
where
t 1" 120}
kig = k6 * Ky (4.2.7)

4
The disappearance rate coefficient k16 estimated from the

gradient of the plot in figure (3.1.6) is a composite

\A
rate-coefficient, values of k16 for reaction by proton

. mnt
transfer and k16 for reaction via charge transfer not being

separately evaluated. Values of k;G and k;é have been
determined by ICR experiments and are recorded in the
literature. Care must be exercised when comparing
these values with those recorded for kiG.

! t
ExaminationAof the values of k17’k16 and
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kis (tables (4.2), (4.3) and (4.4)) indicates a dependence
of rate coefficient upon ion—s&urce field strength. Larger
values of kﬂ are obtained with higher field strengths.
Since rate coefficients of ion-molecule reactions should
ideally be determined in the absence of electric fieldé
(see section (1.2)) it is desirable to estimate values of
kﬁ at zero field strength. Fortunately, as seen in figure
(4.2);'variation of k' and k' with ion-source field

17 16
strength (E) was essentially linear and values of k and

17
k16’ the rate coefficient at zero field strengthT were
obtgined by curve fitting, using a weighted least squares

method, to equations (4.2.8) and (4.2.9) respectively.

k! k + f

17

' 3 .
k16 = k16 + flGE (4.2.9)

The values of (14.2 + 0.8) x 1071%m3 molec™ts™! and

100m3 molt—:-c:_ls_1 obtained for k17 and

k16 respectively are in excellent agreement with those

of (15.5 + 0.8) x 10 %m3 molec™ls7! and (24.2 + 2.0)

X 10-100m3 molec 1s™1 obtained by Huntress and Pirizzottd ®

(21.8 + 1.8) x 10~

in an ion cyclotron resonance (ICR) experiment. Such
rate coefficients are determined almost in the absence
of electric fields. It should be noted that in the

current study no variation in log (In/ZIO) was observed

+ This statement is not absolutely true since many factors

other than field strength affect values of rate coefficients.

See section (1.2).
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Fig. (4.2)

Variation in rates of reaction of primary ions from
ammonia with ammonia as a function of ion-source

field strength.
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with changes in field strength. Values of (5.2 + 1.6)

x 10711 ang (5.6 + 2,0) x 10711 lotee s were

em?v™
obtained for f17 and f16 respectively.

It was observed (see section (3.1.2.4) that
plots of log (In/ZI) against pressure, for ions NH3f ,
m/z = 17, and NH2+', m/z = 16; ceased to be linear at
pressure greater than Pa Torr and that the relative
ion-currents (In/ZI) remained essentially constant for
pressures in excess of Pe Torr. If some back reaction
were taking place then the constancy of In/ZI at

pressure above Pe Torr may be attributable to attainment

of equiibrium, e.g.

k! )
NHBT + NH3 ;;:égii products (4.2.10)
kl
-17

The kinetics of the approach to equilibrium taking place

17 Torr are described by

in the pressure range 0.01 - Pe
equation (4.2.11) where 2g,8 mxlaoare the equilibrium
concentration, instantaneous concentration at time t and

. +
concentration in the absence of reaction of NHB' .

' o (a_ - a_)
R = N Qf\[ 0 =2 | (4.2.11)
17 -17 t{NH ] (a-ay) J

e
hence for a_ = 1170/210, a = I17/ZI and a_ = Il7e/21 ,

. 17
the relative ion current at pressure Pe ,
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| SR , 1,9 1..°
log s | = - (k' + k' ‘)NT17PNH - log 17 717
£I $1 17 -17 3 ' $1° 11°
(4.2.12)
(ki + k'l ) the composite rate coefficient for forward
7 - =17
and reverse reactions may be obtained from a plot of
e
log 117 -'117 against pressure, Such a
r1 £1€
T

plot for reaction of NH3 at an ion-source field strength

of 7.5 V em™} is given in figure (4.3) and is linear

throughout the pressure range 0.01 - P637. A similar

equation to (4.2.12) may be derived for reaction of NH2+,

m/z = 16. Values of (k' + k' ) and ( k' + k' ) are
17 -17 16 -16

given in tables(4.5) and (4.6). These composite rate

eoefficients show the same dependence upon field strength

Hence values of

cm3 molec—ls-1

as previously observed for k'7 and k!

16°
10 1 -1

cm3 molec s and 0.7 x 10_10

1.6 x 10~

were obtained for k and k the rate coefficients for

-16 -17
back reactions at zero field strength. The small values
of rate coefficients of the back reaction, an order of
magnitude less than those for forward reaction, implies
that only at high product and low reactant concentrations
will the reactant concentration be significantly affected

by that formed in back reactions, This is in agreement

with the observed departure from linearity in plots of

log (I,/xI) slightly below P_.
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Fig- (4.3)
Semi~-equilibrium plot for reaction of primary ion

NH3+ with ammonia.
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TABLE 4.5

[] ] ’ : ;
Variation of k17'+jk_17 with ion-source field strength

10 1 t

Ion-sour
on-source 10 (k17 + k_17)
field strength /cm3 molec ts™2
JV em™!
2.5 16.5 + 0.8
5.0 17.8 + 0.7
7.5 19.9 + 0.5
10.0 20.5 + 0.3
12.5 21.9 + 0.5
" TABLE 4.6

] 1 -
Variation of (k16 + k-lé) with ion-source field strength

10 ] '
Ion-source 10 (k16 +‘k-16)
field strength ‘/cm3 molec ls~1
/v em™t
2.5 24.0 + 1.6
5.0 25.6 + 0.9
7.5 26.8 + 1.4
10.0 28.4 + 1.1

[y
\V)
)]
W
o
o
|+
[y
o




The proton and charge transfer reactions of
+ i . \ .
NHB- and NH2+ with ammonia may be designated as fast
ion-molecule reactions since their rate coefficients are
1 -1 56
s .

of the order 10_9 cm3 molec™ For such reactions

the rate coefficient may be equated with the collision
capture rate kc' Since ammonia is polar, possessing a
permanent dipole, kc can be calculated from equation

(4.2.13) which has been derived from the average dipole

orientation (ADO) theory of Su and Bowers.45

@ + ¢ ek (4.2.13)

k.=2mq 3

q 1s the chérge on the reactant ion, p the reduced mass
of the ion and neutral, o and Hp the polarizability and
dipole moment of the neutral. The mean drift velocity,
v, of the ion is estimated using the free fall formula

119 Ghich

>equation (3.1.5) and ¢ is a "locking constant"
depends on the degree that the dipole is . aligned with

the ionic charge during collision. Eéuation (4.2.13)
indiéates that kC should show little, but if any,

negative ( vﬂ) dependence on drift velocity. In equation
(4.2.14), d is the mean distance travelled by the reactant
ions prior to their collision with ammonia, and in equation
(4.2.13) it is seen that little variation in collision

capture and thus rate coefficient is expected with change

in ion-source field strength (E).
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/ 3 \
v=gq [2E (4.2.14)
2md

The observed variations in k16 and k17 with ion-source

field strength are therefore contrary to thét predicted
by theory.

120 have shown

Meisels, Polley and Illies
that ion-mobilities in ammonia are lower than expected
from simple consideration of ion-dipole interactions.
This reduction in mobility results in an increased
residence time (f ) which can be accounted for by a

change in the dependence of t upon field strength as

shown in equation (4.2.15)

2 md 3 g~T

(4.2.15)
Z

where r < 3. It is not poséible to evaluate r since d,
the mean distance travelled by an ion before exiting
from the source, may also vary with field strength.
However it is sufficient to say that the '"free-fall"

equation (3.1.5) does not appear to be adequate in
+

estimation of the residence times'of the ions NH3 and
4

NH2 .

4,2,2 'Reactio‘n‘o'f‘NH4+ with ammonia.

+ R
The association reaction of NH4 with
ammonia is assumed to proceed via the energy transfer
mechanism (see section (1.2)) as given in equations

(4.2.16) and (4.2.17)
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k .
+
as, - +4 *
NH4 + NH3 |13 NH4 NH3 1 (4.2.16)
Ky
Inm,NH, 3% 4+ s * '
4NHg _va —> NH4NH3 + NH3 (4.2.17)
where ammonia acts as the third body. Thus assuming

R 1= ¥
the collision complex, [ﬁﬁZNHé] , to be short lived and
applying Bodenstein's steady state hypothesis the rate of

disappearance of NH4+ is given by

v, *] .kaksf{NH4+J'£NHé]2 -
-d = - (4.2.18)
dt ky + kg [NH3]
Integration of this equation gives
T
[NH4 1 kK {NHBI (4.2.19)
-log T = .
[NH4 ]O ky + kg {NH3]

. . . . . . +
in which T is the ion-source residence time of NH4 and

[NH4+]O, the hypothetical abundance of NH4+, in the absence
of reaction with NH3. Since NH4+ is continually produced

from the reactions discussed in section (2.2.1),'fNH4+]O
is inaccessible by experimental means, In order that the
raté of disappearance of NH4+ is not affected by rates of
its formation,these should be at least an order of
magnitude faster. As will be seen later this assumption
was correct.

Equation (4.2.19) may be'rewritten as

) _ ) (o)
log (Iyg/ZI) = -k;1ig{NHJT + log (I;57/21)
: (4.2.20)
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where kf is the rate coefficient for the forward reaction

to products. From equation (4.2.19) and (4.2.20)
ko kg [NH3]

k, = : . (4.2.21)
f - L ]
ky + kg INH3 1
If the rate of dissocation of'{NH4+ NHé]* is significantly
greater than that of its stabilisation (i.e. k> k'S[NHS])

then kf = ka ké[NHé]/kb and the reaction should display third

order kinetics, Such behaviour was observed as curvature
in the plots of log (I, /2I) against P2 , (see figure
18 : NH3

(3.17), when the probability of a stabilising collision
prior to dissociation was low, as a consequence of a low
pressure and short ion-source residue times (i.e. high
field strength)). Conversely when the probability of
collisional stabilisation of [NH4+ NHé]* is high
ké[NH3]>> k, (viz high pressures, and longer ion-residence
times) kf becomes equal to ka and the overall kinetics are
second order. Since the residence time of NH4+ is
dependent on ion-mobility, T18 will depend on pressure and
equation (4.2.19) becomes 3

log(I,g/L1) = - KaksP18P wmg v% log (I,5°/21)

kb + ks PNH3 N

(4.2.22)

where N is as previously described and

B _ 273 d (4.2.23)
18 =~ X 760 ET

If the energy transfer mechanism is obeyed for the reaction

' . 2
of NH4+ with ammonia the plots of log (118/21) against PNH3
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shquld be curved at low pressure and high field strength
and linear at high pressure and low field strength. The
data obtained in the current study was in agreement with
that expected. See figure (3.17).

In equation (4.2.23) d, E and T are as
previously defined and KO is the reduced mobility of
_18_1

+ . .
NH4 - in ammonia (cm2 Vv ). Ko is readily obtained

from ion drift theory and given by
K, = 13.876/(x u)? (4.2.24)

where o is the angle averaged polarizability of ammonia
(A”) and ¥ the reduced mass of the ion-molecule pair in

a.m,u. Using equation (4.2.24) a reduced mobility of

2,-1_-1

K = 3.12 cm“V "s = is obtained for NH4+ moving in NHg,

(o}
hereafter referred to as the reduced mobility at the

"polarizability_ limit". However recent studies of

ion-mobilities in a chemical ionization mass spectrometer

120

ion-source by Polley, Illies and Meisels yielded an

1 -1

2V_ s .

experimental value of KO = (1.29 + 0.04) cm
Normally the "polarizability limit" value of KO compares
well with experimentally obtained values. Polley et al
ascribed their lower experimental value to clustering
reactions in ammonia reducing the ion-mobility. Since
ion-residence times are not readily determined in the
instrument used in the current studies, but are estimated

from ion-mobilities, use of the correct value of KO when
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evaluating 818’ (equations (4.2.22) and (4.2.23)), and
subsequently kf, (equations (4;2.21) and (4.2.22)) is
vital. The large differences in rate constant obtained
using eéch value of Kbare illustrated in table (4.7).‘

Since the experimental value of K, was determined in a

chemical ionization mass spectrometer it is assumed

to be the more correct so the rate coefficients were

calculated using a value of 1.29 cmzvuls_l.

At high pressures and low field strengths when
the reaction of NH4+ with ammonia becomes second order,

the second order rate coefficient, 2k is readily

f!

. 5 . 2
obtained from a plot of 10g(118/ I) against PNHS'
obtained for 2kf, table (4.7), were observed to vary

Values

considerably with ion-source electric field strength.
The variation is similar to that observed for rates of

reaction of NH3+ and NH2+ with ammonia, namely a near

linear increase in reaction rate with field strength.

Since zkf may be equated with ka,(the collision rate of

NH,T with NH

4 3’
expected to vary greatly with field strength, see

which according to ADO theory is not

section (4.2.1)) the observed variation is contrary to
current theory. If the rate coefficient is indeed
independent of field strength then the observed variation
-may result from the estimated values of ion-source
residence times being too low. Clearly this indicates
that the mobility of ions in ammonia under the influence

of electric fields warrants further study, since the
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theory currently available 'is inadequate.
At lower pressures and higher field strength
third order kinetics are obeyed and plots of log(Ils/ZI)

against PEH were linear,facilitating determination of
3
3ki_., the third order rate coefficient for forward reaction.

The values obtained are recorded in table (4.7) and
clearly vary little with field strength. This probably
results from more correct estimations of ion residence
time being obtained at the lower pressures at which

third order kinetics are observed. The mean value of

28 2_-1

7.9 x 10~ cm6 molecule “s will be used in cbmparison

with literature values.
Unfortunately few determinations of zkf
and 3kf are reported in the literature, most workers

having measured only equilibrium constants. The two

most complete studies are those by Meot-Ner and Field,55

73

and Bowers et al. * In the earlier study Meot-Ner and

Field noted that not only both k. and %k, varied with
temperature but also that the temperature coefficients of
these rate coefficients vary with temperature.

This makes comparison of the current data, obtained at
450K, with their results, obtained at 350K, difficult.

However they have determined a temperature dependence of

=32 for their data at 375K. Using this, approximate

1 cmsmolecule_ls_1 and 5.7 x 10"28

-2 - 2 3 :
cm6molecu1e 2s 1 may be estimated for kf and kf

T

values of 1.3 x 10_1

 respectively at 450K. The agreement with the value of
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zscmemolecul’e_‘?s_1 obtained for 3kf in the current

study is amazingly good, particﬁlarlyvconsidering that

7.9 x 10~

methane was used as the third body in the study by Meot-Ner

55 27 2_-1

and Field. cm6molecu1e_ s

The value of 6.4 x 10~

at 302K obtained in the more recent low pressure

4 3 73

Torr) ICR experiment by Bowers et al
27 -2 -1
s

(1 x 107 - 3 x 10~

may be compared with a value of =3 x 10 cm6molecule

at this temperature estimated from the data of Meot-Ner
. . 13
and Fleld.g; Since the study by Bowers et al was carried

out in pure ammonia where NH3 acts as the third body it

could suggest that NH, is a better third body than CH

3 4
The value of 3kf obtained in the current study which is .

55 i5 thusmol

73
in general agreement with the result of Bowers et al.

Lless ' than that obtained by Meot-Ner and Field

The values for 2kf obtained at 450K and

and 10Vc5} in the current study are near to the
11 -1

12.5V cm™t

value of 1.3 x 10~ cm3m01ecu1e_ls obtained by Meot-Ner

95

and Field. However the values obtained at low field

strength which are probably nearer the true value are almost

-12
an order of magnitude slower, e.g. zkf = 2.43 x 10 1

em®molecule st at 2.5 V em™ 2, This suggests that

the reaction efficiency in the current study was lower,
i.e. a larger proportion ofA[NH4+NHé]* dissociated before
stabilization could take place. Thé NH4+ ion formed

is expected to have énergy imparted from the electric

fields in excess of that resulting from the gas temperature.

Thereforeit is reasonable to expect the collision
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complex,'[NH4+.NH3]*, to possess greater excess energy
than the same complex formed in-the studies of Meot-Ner
and Field, which were conducted under nearly field free
conditions., It is therefore reasonable to suggest that
the lifetime of'{NHZ.NHB}* may be shorter, Hence a
higher fraction of complex ions would dissociate before
collision stabilization could take place, resulting in a
reduction in the rate of formation of product.
Alternatively ka,the rate of formation of the collision
complex ,may well be slower. Bowers7}“ estimated this
value from experimental data and found it to be
considerably less than that predicted by ADO théory which

55 had used to evaluate ka. However

Field and Meot-Ner
the certainty of their method to evaluate ka is in
considerable doubt and therefore it seems most plausible
that the low value of zkf obtained in the current study
results from the collision complex’[NH4+.NH3]* having a
shorter half life.

As will be shown in section (4.2.3.2) a
direct observation of log(Ils/ZI)'may be used in estimation

of ion-source pressures on instruments not fitted with a

Baratron or other similar pressure measuring gauge.
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4.2.3. " A simple method forestimation of ion-source

4,2.3.1. For ammonia pressures less than 0.1 Torr.
As discussed previously, below 0.1 Torr,

the reactions of primary ions NH2+'and NHST-with ammonia

obey pseudo first order kinetics. Rearranging the

kinetic equation (4.2.6), for the reaction of NHBT with
ammonia, the pressure, PNH3’ is given by

. _ 1,0 :
NHS = og T];—- NT17 k17 (4.2.25)

o
where 117 and 117

. . + :
relative ion-currents of NHg. @t an lomn-source pressure,

(1og(I,,°)=(0.09 *+ 0.06)) are the

P and say P = 10_5 respectively, ki7 the rate coefficient

at an ion-source field strength (E, (ch—l));17 the ion-

. . +
source residence time of NHB-

and N the usual factor
for the conversion of pressure (Torr) to number density,
(molec.cm—s). N is defined in equation (4.2.26)

-4
_1.3332 x 10
N = =T (4.2.26)

where k is Boltzman's constant and T the absolute
temperature. Values of ki7 were reported in table
"(4.2) and vary linearly with ion-source field strength

in accordance with equation (4.2.8) where k17 is the rate
coefficient at zero field strength. Log(1g7)does not
vary with field strength and values of f17 and k17 have
already been given in section (4.2.1). T17 may be

determined from the "free fall" formula, equation (4.2.27),
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knowing the repeller voltage (V), the distance (cm)
between the repeller plate and rhe ion-source exit slit
(22), m the mass of NHST (kg) and e the ﬁroton charge
(c).
11, = 1072 (2am/eE)? = 20(m/evy?t x 1072
(4.2.27)
(The mean distance travelled by the ion is assumed to
be 2, see section (3.1.1)).
Combining equations (4.2.25), (4.2.26), (4.2.27)
and rearranging equation (4.2.8), the ammonia pressure

may be determined from equations (4.2.28) and (4.2.29).

P = {-1.229 x 10'14(10g I

% '
NHj3 + 0.09)V T}/ k%

17

(4.2.28)

1

ki, = 10770 (142 + 2.6 V/2)  (4.2.29)

By similar arguments the ammonia pressure may be determined
. R + . .
using the relative ion-current of NHZ using equations

(4.2.30) and (4.2.31) and was the subject of a recent

publication.lzz
_ ~14 . 3 i
PNH3 = {-1.267 x 107" "(log I g+ 0.75)V T}/k162
(4.2.30)
' -11
kyg = 10 (218 + 2.8 V/2) (4.2.31)

As already discussed ki6 and ki7 are not expected to vary

greatly with temperature and this was observed to be true.
The inclusion of temperature in equations (4.2.21) and

(4.2.23) results from the dependence of N on temperature.
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The version of equation (4.2.33) originally reported122

was for pressure determination at 450K and may be

obtained by replacing T by 450 in equation (4.2.30).

4.2.3.2. For ammonia pressures greater than 0.1 Torr.
In section (4.2.2) it was shown that the

clustering of NH4+ with neutral ammonia proceeds via

the energy transfer mechanism. Application of such leads

to the equation (4.2;22). If the stablising collision

rate of'[NH4'.NH3+]* is fast, i.e. at sufficiently high

pressures; ksNPNH > > kb’ equation (4.2.22) reduces to

3
equation (4.2.32).

, o, _ 2 2
log(I18/I18 ) = - kf818PNH3N (4.2.32)

1180 (log 1180 = -0.042 + 0.005) the relative ion-current
in thé absence of reactions (4.2.16) and (4.2.17),

2,-1_-1

B,o = 273 x 2/K0760 ET, where K = 1.29 cm"V s

18
120

is the reduced mobility of NH4+ in ammonia, and k

18

the second order rate coefficient, at ion-source field

strength E (V cm_l), as given in table (4.7).
Rearrangement of equation (4.2.32) to equation

(4.2.33) shows how the émmonia pressure may be measured

, -1
with the field strength set to 2.5 V cm ~.

p = 5c| < ]_0_3 E-(log I + O.O42)VT]%/2'

NHS 18

(4.2.33)
The pressure should be determined at low field strengths
since ion residence times are greater and thus equation

(4.2.32) holds over a-iargervrange of pressure (see

+The constants in this equation are slightly different to those
reported in a previous publication.122 This is due to improved
values of 2y and the use of Ko, = 1.29.
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figure 3.17). Additionally zkf is expected to vary
considerably with temperature55 and this was observed
to be true in the current study, even though ion energies
are expected to be much in excess of thermal energies.
Therefore when using equation (4.2.33) for pressure
estimation between 0.1 and 0.6 Torr the ion-source block
temperature should be near to 450K, i.e. that used in this
study.'

The use of the relative ion currents of

2+, NHSf or NH4+in ammonia reagent gas spectra, a

NH
dimension of the ion-source and recording the repeller
voltage enables pressure determination for the ranges

0-0.1 and 0.1-0.6 Torr respectively, analogous to the

methods already described for methylcycloalkanes.
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4.3 MECHANISM OF THE REACTION OF IONS IN
' FLUORINATED BENZENE REAGENT GASES.

4.3.1 Fluorobenzene

A possible mechanism for the reaction
of primary ions from fluorobenzene with fluorobenzene
is outlined in Scheme (4.1) and discussed below.

Initial collision of a primary ion, RH ,
(m/z = n) with fluorobenzene is assumed to result in a
short lived collision complex. The subsequent fate of
this complex will depend to a large extent on whether
or not it collides with another_fluorobenzene molecule.
At low pressure such a collisionvis unlikely and only
f;ét ion-molecule reactions, e.g. charge exchange
(equation (A) Scheme (4.1)), are likely to take place.
Conversely at higher ion-source pressures, when collision
stabilisation (B) of the complex is more likely, the
formation of cluster ions is expected. These cluster
ions may remain intact or undergo simple fragméntations
to species of greater stability (C and D).

The observed constancy of molecular ion
relative abundance and increase in cluster ion abundance
above 0.05 Torr is in good agreement with the above
proposed mechanism.

The principal cluster ion in the
fluorobenzene plasma was observed to have m/z = 171.
Additionally increase in the relative abundance of this
ion was commensurate with a decrease in CGH3+’ m/z = 75,
Figure (4.4). Thus the ion m/z = 171 is probably

formed by electrophilic addition of C6H3+ to fluorobenzene.
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SCHEME 4.1 MECHANISM OF REACTION OF PRIMARY IONS WITH

- FLUOROBENZENE.

S

+ ’ +
RE® + CgHF ———> (C_HF- RH)

Collision complex

+

[C4HF- rET)Y ———> CeHFY  + RH- (A)

Charge exchange.

+
-Egﬁgg—%> [C H.F.RH] (B)

Collision stabilisation

+ N +
[C4HSF.RE] > (CHF.R) (C)
> (C.H,F.R)" (D)
.H2 - 647"
C.H.F + RH  (E)
> 685
CH.F

Collision dissociation
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A M/Z‘= 171

A M/Z = 75.

1 1 1 1 2 el

0 0-08 R 0-16 0-24
PRESSURE /TORR

FIG. (4. 4)
-Variation of abundance of primary ion m/z = 75 and cluster ion
m/z = 171, with ion-source fluorobenzene pressure.
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This and postulated pathways for the formation of the
other principal cluster ions are given in écheme (4.2).
The ions with m/z = 133 and 164 which result from
fragmentation of the cluster ion m/z = 135 and 165 have
relative abundances considerably in excess of their
precursors, presumably owing to their greater stability,
The observed cluster ions may be visualised as similar
to the Wheland intermediate, and the collision activated
complex to the transition state, in electrophilic
substitution of aromatic rings. Fluorine deactivates
aromatic rings to electrophilic substitution through the
negative inductive effect,raising the energy barrier for
the formation of the first transition state. It is
not surprising that the degree of cluster formation in
fluorobenzene reagent gas is small, and results in
primarily a mono-ionic plasma at 0.2 Torr. However the
degree of clustering in chlorobenzene, which has been
suggested as é suitable reagent gas for ionization of
aromatic compounds in hydrocarbon mixtures,123 is
considerably greater at the same pressure. This is as
expected since chlorobenzene is less deactivating towards
aromatic substitution. Therefore fluorobenzene reagent
gas is to be.favoured over chlorobenzene since the
reaction of only one ion needs to be considered in kinetic
studies.

Interestingly the differences in rates of
reaction of the ions C3H3+ and C3H2F+ may well result
from 03H3+ possessing the particularly stable cyclo-

’

. +
propenium structure and the greater reactivity of C3H2F ,
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SCHEME 4.2 ~ FORMATION OF CLUSTER IONS IN FLUOROBENZENE

" REAGENT GAS.

+ ‘ ' +
CGHB + C6H5F - C6H5F.C6H3
m/z = 75 m/z = 171
F + _-H | *
CHF' + CHF — > C.H.F.C,HF — > C, oHgFy
m/z = 69 m/z = 165 m/z = 164
+ + -Hog +
05H3 + C6H5F —_——>'C6H5F'C5H3 — C11H6F
m/z = 63 m/z = 159 m/z = 157
CHF++CHF—7\'CHFCHF+—:-HL>CHF+
32" 765 65 "732 975" 2
m/z = 57 m/z = 153 m/z = 151

+ +

m/z = 50 m/z = 146
+ + -H +
CoH," + CoHF —— CoH.F.C.H, _*_% CoH F
‘m/z = 39 | m/z = 135 m/z = 133

+ . +
CF + C6h5F _— C6H5F. CF

m/z = 31 m/z = 127

* Denotes observation of fragmentation of a metastable

ion in support of the transition.
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lack of such structure through the strongly electron
withdrawing fluorine atom preventing delocalisation of
positive charge in a cyclic structure.

However the values of the rate coefficients
given in Table (3.5) should be viewed with caution,
rfor the reasons given in Section (1.2). Additionally,
since the large fluorobenzene molecules will be difficult
to pump from the region between the ion-exit slit and
the analyser entrance slit the pressure of neutral in the
ion acceleration region may be considerable. Under
such conditions the possibility of éolliéion dissociation
of cluster ions is greatly increased. Recently Illies
and Meisels124 have suggested that such processes occur
in high pressure mass spectrometry. They attributed
an observed "low mass tail" on N2+ ion peaks to N2+
resulting from collision dissociation of N4+ in the
acceleration region of their mass spectrometer. The
magnitude of this tailing was observed to increase with
pressure. Spectra recorded in the current study showed
a small amount of tailing on the low mass side of the
fluorobenzene molecular ion peak, see Figure (4.5), but
no tailing of other ions was observed. Therefore some
collision dissociation of the cluster iongresults in
formation of CGH5F+. Collision dissbciation outside
the ion-source results in errors in measured rate
coefficients. However it is hoped that the magnitudes

of rate coefficients still indicate the relative

reactivities of the various primary ions.
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In addition to the above cluster reactions,
on increasing the sensitivity of the mass spectrometer
cluster ions whose m/z values suggested they contained two
fluorobenzene molecules were observed. . These ions and
plausible pathways for their formation are illustrated
in Scheme (4.3). However the presence of these
cluster ions little affects the reagent gas plasma
since their relative abundances (<0.005% total ion-current)
are an order of magnitude lower than clusters containing
one fluorobenzene molecule.

An unfortunate consequence of the small
variations in ion-currents above 0.05 Torr was limited
ability to determine ion-source pressures with sufficient
accuracy from reagent gas speétra. However suitable
operating conditions for chemical ionization are attained
by maximising the portion of the total ion-current carried

by the molecular ion.
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TAILING

EDGE .\Q\J
94 95 96 97
M/Z
FIG. (4.5)
Tailing of ion abundance profile of peak m/z = 96 resulting from

collision dissociation of cluster ions in the viscinity of the
ion-source exit slit.
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SCHEME 4.3 - CLUSTER IONS CONTAINING TWO FLUOROBENZENE

" MOLECULES.

+ +
(CF.CgHgF ) + CgHF  ——> CF.(CgHgF)q

m/z = 127 | m/z = 223
+ +
Ioo1 > Igo3 Cy3HgFs
m/z = 221
+ +
(CHF.CGHy) + CHF ——> Coly (CEHLF),
m/z = 267
%k -
H,
. v .
Ioes > Togr Cief11F2
m/z = 265

* Denotes observation of fragmentation of a metaétable

ion.

T I, = Relative abundance of ion m/z = n.
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4.3.2 “Difluoronated benzenes

The mechanism of reaction of primary.ions
is assumed to be the same as that developed for fluoro-
benzene and this is borne out by similar variations in
ion abundances with pressure. However it is of interest
that decrease ih cluster ion abundances above 0.15 Torr
is more pronounced in difluorobenzenes. ‘ It is assumed
that such reductions result from formation of higher
order cluster ions. Since primary ion abundances
continue to decrease and no increase in other low mass
ions was observed, pdst source collision dissociation
may be discounted from causing the reduction in cluster
ions. The observation that p-difluorobenzene plasma
has the highest relative abundance of molecular ion is
also in agreement with the proposed mechanism. Being
the most deactivated to electrophilic substitution lower
cluster ion abundances are expected. M-difluorobenzene,
the least deactivated, displays the lowest molecular ion
relative abundance.

Unfortunately the values obtained for
disappearance rate coefficients for primary ions in the
different reagent gases are less easily rationalised.
One might expect reaction with m-difluorobenzene to be
more facile but although this is the case for many ions
several display the opposite. It seems likely that
primary ions of the same m/z resulting from different
precursors (i.e. o, m, D difluorobenzenes) will possess
different quantities of internal energy. Such would

result in different reactivities. Also it is fair to
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say that since the relative abundance of the primary ions
is small the accuracy of measurement and subsequent rate
coefficient determinations {s 1low.

In Section (3.1.3.2) it was proposed that
the ion-current recorded when focusing ions of mass to
charge ratio (m/z) 75 results from the two ions CGH3+ and
C3H.F2+ in ‘o~ and m-difluorobenzene. The kinetic
plot of log (I;5/rI) against P2, Figure (4.6) may be
sub-divided into fwo lines A and B. In the first region,
A, which has a larger negative gradient, the relative
abundance of both ions decreases. In region B;one ion
is considered to have reacted to completion while the
abundance of the other,less reactive ion, continues to
decrease. For the concurrent reactions of two ions

A and B with a neutral C

k
A+ C —=2 >,  products (4.3.1)
kb

B+ C _— products (4.3.2)

The rates of disappearance of A and B are given by

-dfA) _

Lk paa

-d [BY _ k. [BJIC]
dt |

and the rate equations are

1n 59 = k, Pert
: A
30 = k, PcT

since A and B gave the same nominal mass the mean

residence time of each is identical, T. A,B,A,,B, are
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(PRESSURE)Z/ TORR®.

- 0-02 ' 0-04 : 0-06
i . — -

=50

1
P
)

Log (In/=21)

=70

FIG. (4.6 ) : _

Kinetic plot for reaction of two ionic species with the same mass
to charge ratio but different rates of reaction.
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-

the relative ion currents at pressure P, and P, <10'._5
Thus
_ -k P 1 -k, P
A+ B = Ao e ac +. B0 e b ct (4.3.3)
and rearranging (4.3.3) yields
- T - -
(A + B) =(A0 + B e kaPC' -B (e kaPcT -e kacT
o) o
(4.3.4)
j >>
if ka kb
_ -k.P 1
A+ B = Bo e b c (4.3.5)
and
log (A + B) = 1nB_ -kprT , (4.3.6)

and thus kg = (1.39 + 0.31) x 10 em’molec™’s™! ana

B0 = 0.008 are obtained from the gradient and intersect
of line B in Figure (4.6). Now equation (4.3.4)
may be written as

-k, P T,
log {(A + B) - Bo e becl = —kaPcT + 1nAO

(4.3.7)

and hence k =14.8x10" and A, =0003
evaluated,the gradient and intersect of a plot of
log (A + B) - BO e“kbpdrj against Pz. The faster
reaction is assumed to be that of CGH§ and the value
of rate coefficient obtainéd compares well with those
found for other fluorinated benzenes. The value of kb
is much slower as might be expected for C3HF’2+ which may
well possess the cyclopropenium structure.

In conclusion a more monoionic plasma
is obtained with p-difluorobenzene and the IP (9.15 eV)

is lower than that of fluorobenzene (9.19 eV)lll. Thus
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this may well be a more suitable reagent than fluorobenzene
for preferential ionization of aromatic components of
hydrocarbon mixtures. However ,the higher cost and
lower purity of commercially available p-difluorobenzene
is likely to deter people from its use.

Once again the variation in primary ion
relative abundances was too small to facilitate ion-source
pressure determination directly from the reagent gas

piasma.
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4.4 SIGNIFICANCE OF RELATIVE RATES OF REACTION

OF FLUOROBENZENE REAGENT GAS MOLECULAR

ION (C6H5FT) WITH A VARIETY OF AROMATIC

COMPOUNDS.

The magnitudes of rate coefficients for
ion-molecule reactions of C6H5FT with aromatic compounds .
are of academic interest in furthering knbwledge of
ion—chemistry)in_addition to their practical importance
to the analyst using fluorobenzene reagent gas for
quantitative analysis of aromatic components in hydro-
carbon mixtures. |

For the general reaction

CEHF'  + AH ~—E§E——-%3» CHGF + AH
(4.4.1)

where AH represents an aromatic compound and k is the
reaction rate coefficient, the rate of disappearance of
reactant ion C6H5FT is given by

+
-d [C6H5F-]

+
T k [C,HF-ITAH)

(4.4.2)
Using arguments similar to those stated in Section (3.1.1),
the relative abundance (196/21) and the pressure of
aromatic sample PAH are used as measures of CGH5Ff and

AH concentration respectively, Equation (4.4.2) becomes

I I
96 _ T 96
log 3T = —kAHN 96PAH + log
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where (Ig./tI®) is the relative abundance of CgHF™
when PAH = 0O, TéG the residence time of the fluoro-
benzene molecular ion estimated from ion-ﬁobilities
and N a factor for converting sample pressure (Torr)

to number density (molecules cm'B). Thus if the
kinetics of reaction (4.4.1) are in agreement with
equation (4.4.2) then a semi logarithmic plot of the
relative abundance of CGHSF? against the pressure of
aromatic sample should be a straight 1line. Such a
plot for reaction of fluorobenzene with methylbenzene
is given in Figure (4.7). The plot is clearly linear
over the pressure range 0 - 4 mTorr, and the rate
coefficient was féadily obtained from the gradient and
is recorded in/Table (4.8). From examination of
Figure (4.7) it is evident that the value of log (Ige/zlo)
obtained from tgf intersect of the best straight line,
through the expe}imental data, differs noticeably from
that obtained experimentally from the mass spectrum of
the reagent gas at 0.2 Torr. The calculated value of
log ( 186/210) is more negative indicating a lower
relative abundance of CGHSFJ-r than that measured
experimentally. Such an observation suggests that
reaction of C6H5FT with aromatic compounds at pressures
<0.2m Torr is noticeably faster than at higher pressures,
ca. 0.2 - 4m Torr. This is highly unlikely since fast

ion-molecule reactions, such as charge exchange, do not

require a second collision to proceed to products and

therefore the rate coefficients of such reactions are
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independent of sample concentration. It seems more
likely that the discrepancy between experimental and
calculated values of log (186/21) arises from under-
estimation of sample pressures. This is not unreasonable
since the precision in measurement of sample pressure
decreased with pressure. At samplé pressures greater
than 4.0m Torr a departure from 1inearity in plots of
log(Igg/zDagainst Ppg Was observed for most of the
compounds studied. At higher sample pressures a
decrease in gradient was observed. Such departure
normally occurred when the observed relative abundance
of CGHSFT dropped below 15% of the total ion-current.
A plausibleAexplanation for such behaviour is that
some sample ions possess sufficient excess internal
energy to ionize fluorobenzene, in an endothermic
reaction, before they exit the source. This would
increase the relative abundance of fluorobenzene
molecular ions and appear as a reduction in their
reaction rate. This would become most pronounced

at high sample molecular ion relative abundances as
observed.

In addition to charge exchange, other
workers have reported observation of association
reactions125 between aromatic ions and molecules.

Such reactions (equations (4.4.4), (4.4.5)) require
a second collision of the collision complex

[C6H5F,AHT]* with fluorobenzene.
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. o .
CgHgF* + AH ——= [C.H_F.AH} (4.4.4)

[CgHsF.AH'} " + CqHgF ——> CgHgFAHT + CgHSF
(4.4.5)
If the life time of the collision
complex is very short and the overall pressure low then
the probability of collision stabilisation is very
small. In phe current studies no ions, with mass to
charge ratios, characteristic of association ions were

observed. ‘Here the life time is probably ca.10_7s.

The reactions of many other aromatic
compounds, with fluorobenzene, were studied and the
rate coefficients, obtained from the gradients of plots
simiiar to Figure (4.7) are recorded in Tables (4.8) and
(4.9). In all cases, the pressure range for which
log (196/21) plotted against Ppy is linear, the
ionization potential of AH and the A.D.O. collision
capture rate coefficient for reaction (4.4.1) are
appended. The low volatility of ethylnaphthalene
resulted in sample introduction problems leading to a
large scatter in data which precluded evaluation of a
rate coefficient.

| To date few rate coefficients for
charge exchange readtions between aromatic compounds
have been published. Since the ionization potential

(IP) of benzene, 9.24,eV,111 is close to that of fluoro-

benzene, 9.20 eV,111 the heats of charge exchange
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METHYL BENZENE PRESSURE / mTORR

0 1:0 2.0 3-0 40

| T T s |

FIG. (4-7)

Kinetic plot for reaction of fluorobenzene molecular-ion
with methylbenzene.
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reactions of the benzene molecular ion, C6H6T’

various aromatic compounds will be similar to those if

with

C6H5FT were the reactant. Consequently the values of

‘ rate coefficients for reaction of C6H63L with various

aromatics are a good reference for the current study,

e.g. the reaction of C_.H T with methylbenzene,

66
IP = 8.82 eVlll.

k92

+ +
(4.4.6)
1-

kJmol™ L compared to 37 kJmol ! for a similar
126

hasA H~ 42
reaction of fluorobenzene. Meot-Ner and Field
-10 3 1

have determined k92 =13 x 10 cm moli}s_ at 445K

using a pulsed source high pressure mass spectrometer.
Therefore the values of 11 - 17.5 x 10" %cm® mo¥els !
obtained for reaction of fluorobenzene with various
alkyl, Table (4.8), and cycloalkyl benzenes, Table
(4.9), are of the order expected. Current theory

of ion-molecule reactions56 suggests that fast charge
transfer reactions proceed via a directreaction of reactant ion
and neutral sample, and that every collision should
result in charge exchange, provided the reaction is
exothermic. Therefore the rate of such reactions
should correspond to the collision capture rate. This
may be calculated uSing the '"average angle dipole

4 . . .
orientation" theory (ADO)E%nd it is of interest

to compare the experimentaliy determined rates of

T Values calculated using ionisation energies taken from
Ref.(111)
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reaction with calculated collision capture coefficients.
Moet-Ner and Field126 conducted such a comparison for a
variety of reactioné between aromatic compounds. Although
most of their experimental rate~coefficients were 7 - 20%
greater than those calculated using ADO theory, (e.g. for
reaction (4.4.6) at 570K they found kexp=14 X 10_10 and

10 1

k cm3m01ec_ s_l) they concluded that charge

ADO=13 x 10

exchange reactions between aromatic compounds do proceed

at the collision rate. Similarly in the current study

most of the experimental rate coefficients are greater

than those.calculated from ADO fheory. Some workers have
127

suggested an electron jump mechanism to explain collision

efficiencies (k /kADO) greater than unity. However the

exp
opinion of Ausloos, Eyler and Liaslz8 seems preferable:

that charge transfer reactions should proceed no faster
than the collision rate. Obviously one has to assume that‘
ADO theory does indeed estimate the true collision capture
rate. The more recent AADO46 theory, which includes a

term for the conservation of angular moment during collision,
predicts collision capture rates for ions with polar
molecules ~10% in excess of ADO values. Bowers, Su and Su46
in their paper discussing AADO theory indicate that energy
conservation during a collision should also be considered.
Therefore considering the inadequacies of ADO thgory and
for the reasons stated in Section (1.2), the current
experimental values may be in error by as much as a

factor of two, the agreement between experimental and

theoretical values is excellent.

129 if was

In an earlier publication
suggested that the relative reactivity of fluorobenzene

molecular-ion depends upon the difference in ionization
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enerqy AIE between the aromatic compound and fluorobenzene
namely the egothermicitjvof the réaction. Figure (4.8)

shows the variation in observed rate coefficient with AIE
Although there is considerable scatter the general trend is
that reaction rates do appear to increase with AIE Howe§er,
it is more correct to compare collision efficiency with
reaction exothermicity, since many of the compounds with

low ionization potentials have higher molecular polarizabil-
ities and thus are expected to yield higher collision

capture rate chfficients. Figure (4.9) shows the

variation of collision efficiency with AIE for the compounds
studied and it is clear that with two exceptions, namely
2-methyl and 2,5-dimethyl thioéhene, collision efficiency
increased with AIg. Such behaviour, and the apparént
unreactivity of 1l-chloro-2-fluorobenzene, IE = 9.16 eV,111
some 0.04 eV less than fluorobenzene, suggests the existence
of somegsmall energy barrier to charge exchange under the
conditions used. This is clearly contrary to current theory
which dictates that no energy barrier exists in charge
exchange reactions. Alternatively the lower reactivities
of some compounds may result from a poor match of their
electronic energy levels with those of fluorobenzene. It

is known that the presence of a favourable transition, i.e.
a large "Franck Condon Factor", between a compound ground
state and the accessibie electronic states of its molecular

ion,results in higher collision efficiencies. The absence

X , .
(Anie = IEC6H5F - IEgampLE

(ii)Recombination energy of sample ions shouwld also pe
considered but experimental values were not available

for all the materials studied.
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of such transitions is believed to result in slower

121,130 . ' ’
»130 Clearly there is a need to study the

reaction.
reactions of fluorobenzene molecular ion at thermal
energies and in the absence of electric fields,since these
éould also considerably effect reaction rates.
Since it appears that most reactions
proceed here with observed efficiencies greater than unity,
these high rates may Wellbresult from an underestimation of
the ion-source residence time of C6H5Ff. This highlights
the chief problem of determining rate coefficients using
a continuous extraction ion-source. However such an
underestimation would not affect the relative magnitudes
of reactivities with different compounds. Therefore, the
scatter in reaction efficiency of ~15% for compounds with
ionization potentials (IP) less than 8.5 eV, excluding
2-methyl and 2,5 dimethylthiophene, will be unchanged by
an incorrect ion source residence time. Allowing for this
scatter the rates of reaction of compounds with IP>8.5 eV
follow the collision rate. Larger aromatic molecules,
with molecular masses greater than 250 Daltons, may be
expected to exhibit little variation in molecular polariz-
ability or dipole moment with carbon number and thus only small
changesin collision capture rate coefficients are expected,
Therefore for a variation in relative molecular mass of
ca. 200 Daltons, the variation in rate of reaction with

65
multiplier, used for ion detection, were independent of ion

C.H FT may be small. Thus if the response of the electron

mass, then sensitivities for different aromatic compounds to
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a first approximation should be identical within + 15%.

Clearly from the»data so far obtained the
above are bold claims | and the determination of rates of
reaction of C6H5F? with a far greater number of aromatic
compounds, particularly those with higher molecular masses
( e.g naphthalenes), is urgently required. Also the
anomolous rate coefficients obtained for alkylated thiophenes
requires further investigation. The determination of rate
coefficients for naphthalenes and higher boiling alkylben-
zenes was prevented by sample introduction problems but
with improved instrumentation this problem could be
alleviated.

In conclusion fluorobenzene positive ion
chemical ionization (CI) mass spectrometry has one clear
advantage over negative ion chemical ionization (NCI), e.g.
OH NCI, for quantitation in that reaction rates and hence
relative sensitivities appear to be independent of
chemical structure. This is not the case for OH NCI
where reactivity depends on the ease of removal of an
a-proton from the aromatic molecule, which varies consider-
ably with structure,q‘e.g. t-butylbenzene is ionised by
fluorobenzene but not using OH NCI.

Chlorobenzené also used in positive chemical
ionization mass spectrometry of aromatic components of
hydrocarbon mixtures is believed to possess similar reaction
properties to fluorobenzene. Unfortunately no study of
the kinetics of reactions of CGHSCIT and the other prominent

ions in the chlorobenzene plasma with aromatic compounds
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has been reported to date. Such a study would be
particularly interesting for comparison of reaction rates

with those of fluorobenzene.
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4.5 INFORMATION GAINED FROM CHEMICAL
IONIZATION MASS SPECTROMETRIC ANALYSIS
OF LUBRICATING OILS AND A COMPARISON WITH

THAT OBTAINED BY OTHER ANALYTICAL METHODS.

Although ammonia chemical ionization has
already been conducted on many esters including some ester
based 1ubricant51315 so far it has only been of pure
compounds or in the case of mixtures after some prior
separation, e.g. by GLC.131 Additionally ester fluids
are often hydrolysed and derivatisedZGprior to such analyses to
provide more information regarding their chemical structure,
or to improve the determination of complex mixtures. However,
such methods are time consuming and the aim of the current
study has been to evaluate chemical ionization as a tool
for direct analysis of the total sample without any need
for prior hydrolysis, derivatization or separation. Such
a method would considerably reduce labour costs in an
analytical laboratory.

As indicated in Section (4.2) for ion-
source ammonia pressure of 0.2 - 0.6 Torr the reagent gas
ions are principally NH4+ and NH4.NH3+. The relative
proportions of each varying with pressure. These may
react with sample molecules by formation of a collision
complex which then either dissociates (4.5.1) and (4.5.3),

or is collision stabilised by a neutral ammonia molecule

(4.5.2).
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. . »
NH@ + M — [M.NH4+] Collision complex.

*
NE,Y —= '+ NH, (4.5.1)

proton exchange

. NHB’ .

—_— M.NH4 (4.5.2)
collision stabilisation

———— fragments (4.5.3).

The pathway followed after formation of the collision
complex depends to a large extent on the relative proton
affinities (PA's) of the sample and ammonia (see Section

( 1.3)). Esters having proton affinities slightly less
than ammonia, means that proton transfer would be endotherm-
ic and little sample ionization would be expected via this
pathway.r By considering the ammonium ion an acid and the
sample ester molecule (M) a base then the dissociation
energy of (M .... [HNHé]+) hydrogen bond would be expected
to decrease with decreasing PA (M). Conversely the
dissociation energy of the( [MH]+..NH3) hydrogen bond wauld
decrease with increasing PA (M). Furthermore, the excess
internal energy initially present in the[M.NH4]+ * complex
increases with PA (M), assuming there is a direct correspond-
ence between PA (M) and ammonium ion affinity. For the esters

studied PA (M) (ca. 858 kJmol_l)133 is only slightly less than

that of ammonia (866 kJmol—l)134 and although the dissociation
energy of the (M...[ HNH33+) hydrogen bond will be less than

that of ([MH]+...NH3) the difference will be small. Therefore,
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although dissociation to the starting materials will be

preferred, some formation of MH+ mﬁy be expected.

' !
Additionally since AH solvation ~ TAS solvation the [M.NH, V)

4

complex is expected‘to possess little excess energy,

provided the energies of the NH4+ ions are near thermal,

7

and therefore have a noticeable lifetime (ca. 10 ‘sec.).

During such time collisions with neutral NH, molecules

3
would result in further stabilisation, leading to a longer
lived complex M.NH4+ which would be detected by the mass
spectrometer. In the current study at low ammonia
pressures (ca. 0.2 Torr), collision rate is low, consider-
able quantities (ca. 25% of the sample ion¥current) of MH+
ions were detected and many of these result from fragment-
ation of M.NH4+. Further when using higher ammonia
pressurés (ca. 0.7 Torr), the probability of [M.NH4TZ
collisions is far greater and very few MH+ ions were
detected (ca. 2% of the sample ion-current). These results
support the above proposed mechanism for reaction of NH4+
with esters and imply that the half life for the [M.NH4]+*
complex may well be of the order of the mean ion-source

6sec).

residence time at 0.2 Torr (viz 5 x 10~
Thus by use of relatively high (ca. 0.7 Torf)
ammonia pressures simple spectra consisting almost entirely
of M.NH4+ ions were readily generated. It is particularly
interesting that even less fragmentation of M.NH4+ ions of
the neopentyl polyol esters (> 96% of the sample ion current

* ions) was observed than for similar molecular

due to M.NH4
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weight esters of dicarbocyclic acids (e.g. 86% of sample
ion current due to M.NH4+ ions).\ The greater stability
of neopentyl polyol ester M.NH4+ ions may result from the
ammonium ion partially bonding to more than one carbonyl
function. The greater delocalization of charge achieved
may result in a reduction of excess energy in the initial
complex. Such a reduction would be expected to increase
both the lifetime of the complex and the possibility'of
collision stabilization.

Although the aim of almost monoionic
sample spectra is realised at high reagent gas pressure
it is gained at a price 4 famely a reduction in sensitivity.
The higher source pressures were found to lead to a notice-
able increase in pressure in the vacuum chamber surrounding
the source. Since ions aré required to pass through this
region after exitting the source and prior to entering the
analyser, any reduction in mean free path, due to increased
gas bressures, will result in an increased loss of ions
_by discharge and collision dissociation, leading to an
overall reduction in semnsitivity. Such effects were
observed in the current study, the sensitivity at 0.7 Torr
being an order of magnitude lower than that obtained at
0.2 Torr. However the sensitivity obtained at 0.7 Torf
was quite sufficient for the analysis of the quantities
of ester material (typically 50pg) introduced via the
sélid probe.

Since the isomeric nature of the alkyl

groups in ester lubricating fluids are not normally known
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prior to analysis and only relative molecular masses can
be determined in ammonia CI it was important to establish
that the degree of branching did not drastically affect
either sensitivity or stability of the M.NH4+ ions.
Analysis of various acid esters of 2-ethyl hexanol, a
bulk industrial chemical often used in lubricant ester
production, indicated that branching at the second carbon
little affected sensitivity or fragmentation. However
spectra obtained for bis(2-nonyl)hexanredioate: appear to
indicate that branching at the alcoholic carbon (C-2) does
result in an increase in fragmentation, illustrated by the
high relative abundance of ((M + NH4)-R)+ ions. Such
increases may result from the methyl group destabilising
the‘M._NH4+ ion by steric hinderance. Obviously the
presence of an ester with branching bf the alkyl chain

at the alcoholic carbon will result in a reduction in
precision. However the problem will be minimal in fluids
where either small or large proportions of secondary
alcohols are used in ester preparation, and only when

near equal quantities of secondary alcohols are used will
precision be severely impaired.

For similar reasons esters of acids with
carbonylic function separated by different numbers (n) of
methylene units were studied. Little change in the amount
of fragmentation was observed, an increase in n often
.resulted in an increase of (M.NH4)+ relative abundances.

(See Table (3.9)). Additionally the possibility of a
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change in fragmentation pathways with n, similar to that

115

observed by Weinkam and Gal &was investigated.

Particular attention was paid to the ability of NH T to

4
134,135

react via substitution, (4.5.4), reactions.

M+ NH," ——>[M+ NH, - HX}® + HX
(4.5.4)

Such reactions require a good leaving group, X, and are
enhanced by the presence of electron donating groups
attached to the same carbon as X . The reaction
observed by Weinkam and Gal for methyl esters is similar
but the CHB—O group is replaced by NH2 and a hydrogen
added to the carboxyl oxygen. They proposed a concerted
mechanism, see Scheme (3.1) Section (3.2.1.1), which may
be compared to hydrolysis but NH4+ being the reactant
rather than H30+. Also they noted that small relative
abundances (ca. 3% of the total sample ion current, when
using ammonia at 0.3 Torr) of the product [M + NH,~ ROH]+
ions were produced. Additionally they noted that for
"ammonolysis" to occur,n should be greater than or equal
to 4. In the current study although ions with m/z
consistent with [M + NH, - HOR]+ were observed for esters
with n=4, e.g. 0.4% of the sample ion-current for
bis(2-ethylhexyl )hexane-dioate evidence for formation of
such ions via loss of ROH from [M.NH4]+ ions was only
observed for n> 4. This may be a consequence of the low
stability of intermediates in Scheme (3.1) when n=4

precluded this pathway. However data obtained for
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esters of higher n would appear to indicate that the
length of alcoholic alkyl chain»does not greatly impede
substitution reactions in dibasic acid esters.

However with the ability to assign both
daughter and parent ions, using modern '"metastable-mapping"
techniques, the above fragmentation pathways could be
vreadily verified or disproved. Such analysis was not
carried out since the prime interest of the current study
was to eliminate fragmentation and since the necessary
equipment was not readily available. An appropriate
investigation would be a usefuladjunct to this work.

Since the ultimate aim was to obtain
quantitative as well as qualitative data the effect of
molecular size, branching of alcoholic alkyl groups, and
the value of n, (as defined above), on sensitivity needed
to be evaluated. Several factors should be considered in
such an evaluation. First, ADO theory predicts that
increased molecular size45 should result in an increase in
collision capture rate coefficients. Thus the rate of
reaction of NH4+ with M and the quantity of M.NH4+ ions
so produced for a given quantity of M is expected to increase
with the mass of M. Secondly, mass spectrometer sensitivity
is known to decrease with increasing ion mass. Finally,
the effect of the loWer volatility and high temperature
.required to volatalize higher mass molecules from the solid
probe into the ion-source must be considered.

In Section (3.2.1.2) it was shown that very
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little variation in relative sensitivities with compound
molecular mass was'observed provided the sample volatility
was not so low that losses occurred during introduction
of the probe into the ion-source. Additionally good
reproducibility and a relative accuracy of + 3% per
component in an ester mixture was demonstrated. The
accuracy obtained was better than expected and, considering
the crudeness of the analytical method was excellent.

The analysis of an authentic sample,
the blending component 'A' was simple and required the
recording of spectra during volatilization, .6 mins, at
both high (ca. 0.6 Torr) and low (ca. 0.2 Torr) ammonia
pressures. Reproducibility between two separate
analyses of the sample was good. The molecular mass,
type of ester, i.e. dibasic acid ester, number of
methylene groups in the acidic moiety, énd quantity of
each component were readily determined. The ester type
was easily deduced since esters of dibasic acids,
2-ethyl-2(hydroxymethyl)-propane-1,3-diol and 2,2,bis-
(hydroxymefhyl)-propane—l,3 diol have discrete masses.
Additionally the type of dibasic acid was readily
obtained from low pressure (0.2 Torr) ammonia CI by
determining the mass of {M + H —2R]+ ions, where R is
the alcoholic alkyl group. |

It is reasonable to compare the data
obtained here to that which might have been obtained

by other means. Molecular mass would normally be
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estimated from capillary g.l.c. However the high
'boiling point and presence of iéomers often makes total
separation of components difficult. Once separation is
achieved quantitation is relativély simple and the
accuracy obtained is far greater than that achieved using
ammonia CI mass spectrometry. The nature of esters,
i.e. dibasic acid or neopentyl polyol cannot easily be
determined by one method alone. Normally hydrolysis
and further analysis of the acidic and alcoholic products
is required. Ammonia CI obviously has much to offer
in this area since ester type can be determined far
quicker than by methods using hydrolysis.

Clearly although ammonia CI is not able
to obtain as high an accuracy in quantitation as other
methods the quantity of qualitative data obtained in a
relative short time is impressive. Therefore although
a definative analysis may not be possible using ammonia
CI the method is excellent for preliminary investigation
of unknown ester fluids. It is hoped that it will

rapidly find use in this important area.
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4.5.2 Hydrogenated polyalpha-olefin base oils.

Chemical ionization of low molecular mass
hydrocarbons is well documented and a brief review can
be found in Section (1.3). When analysing higher
molecular weight compounds although considerable fragmeﬁt—
ation is observed the (M-H)+ ions are readily discernable
in the spectra of synthetic hydrocarbon mixtures, see
Figure (3.24).

Using the mass of the observed (M—H)+ ion
the carbon numbers of the alkane components of base oils
where readily obtained, see Table (3.18). Since the
components were known to result from polymerisation of
alkenes it is of interest to speculate whether the alkenes
used in their preparation can be deduced from the carbon
number of the oligomers. In the case of SHC-2, two
oligomers of carbon numbers20 and 30 were. observed,
suggesting that they have been prepared from decenes.
However not‘all the oils studied contained oligomers of
a single alkene. Thé base o0il SHC-5 contains oligomers
with carbon numbers 28, 30, 32, 42, 44, 46, 48 and
therefore cannot result from the polymerisation of a
single alkene. Neither would the blending of two base
oils, prepared from twé alkenes having different carbon
numbers give the above distribution of components.
However a co-polymerisation of 014 and Cl6 alkenes

would result in the following oligomers:
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C =2xC C = C + C

14’ 30 16
Capg =3 X Cyg, Cgq =Cyg + 2 x Cyy, Cyg =2 x Cyg + Cyy
and C48 = 3 x C16'

It is possible therefore, from the CI spectrum to give a

reasonable indication of the alkene or alkenes used to

prepare the base 0il and to distinguish whether the fluid

is a blend or co—polymer. Table (4.10) lists possible

' origins of the fluids studied. However assignment of

parent alkenes becomes difficult when more than one

is used with carbon number < 6, e.g. SHC-16-19.

As stated in Section (1.3), fragment ions
resulting from either the loss of CH3' or '(CHz)ﬁi§'CH3’
(where n is the number of carbons in the parent alkene),
should be the most abundant since these will pvxuze
secondary carbonium ions. However some base oils give
(M—C2H5)+ ions that are more abundant than (M—CH3)+.

Scheme (4.4) gives the structure and possible fragmentation

of oligomers derived from the polymerisatibn of 7-methyl

non-l-ene. Howard, McDaniel, Nelson and Blomquistz5

have demonstrated that fragmentation by a-cleavage at a

methyl branch is particularly facile. This would result

in abundant (M—C2H5)+ ions. Therefore it is»possible
that the base oils SHC 20,21,22,23 were prepared from
7-methyl-non-1-ene. Another particularly interesting

0il is SHC-1, a hydrogenated polybuténe, whose mass

spectrum shows particularly abundant (M—CH3)+ ions.

See Table (3.19).
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As seen in Scheme (4.5) poly-2-methyl-prop-l-ene is
expected to exhibit abundant (M;CHS)+ ions owing to its
high 'density' of methyl branches.

When hydrogenated polyalphaolefins are
analysed by gaé chromatography quantitative data is
easily obtained. Unfortunately under the conditions
used in the methane CI study the relative ion-currents
of (M—H)+ ions are low, (often < 10% of the total ion
current) theigreater part of the ion-current being
due to fragment ions, the intensities of which vary with
molecular structure. Quantitation by monitoring a
particular ion for each component, as demonstrated in
the ammonia CI of esters, was not possible. Methane
spectra of insect derived cuticular alkanes,25 show
little fragmentation, at ion-source pressures ~ 0.5 Torr.
Operation at pressures greater than 0.25 Torr was not
possible in this work since it resulted in considerable
reduction in sensitivity of the mass spectrometer, for
the reasons given in Section (4.5.1). Therefore although
both the molecular mass and parent alkene structure of
hydrogenated polyalphaolefins was obtainable the method

could not be used to produce quantitative data.

In order to reduce the fragmentation

. ., o .
a lower energy transferring species than Ch5 is required.
NO+ formed by the ionization of nitric oxide has this
characteristic. .Hunt and Harvey71 showed that the

. + .
energy of hydride transfer between NO , produced in NO/N2
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mixture,by the reactions given in equations (4.5.5) and

(4.5.6), was considerably less ( ~ 110 kJ mol—l) than for

Ny + 67 ——= 2e + N+ (4.5.6)
+ . + :
N2. + NO —=> N2 + NO (4.5.6)
reaction of CH +. The near zero enthalpy of reaction

5
means little excess internal energy is given to the

resulting (M—H)+ ion. Accordingly little fragmentation
occurred, e.g. C10H21+; more than 80% of the sample
ion-current is carried by this ion. In this study NO/N2
reagent gas was used at the same ion-source pressure as
previously used for methane, viz 0.2 Torr. vA dramatic
reduction in fragmentation, whilst monitoring sensitivity
was observed. See Section (3.2.2.3). The possibility
of obtaining semi-quantitative data in a manner similar

to that used for the ester fluids could now be realised.
It is necessary however to overcome the problem of both
setting the NO:N2 partial pressure ratio and determining
the total ion-source pressure in the absence of an ion-
source pressure gauge. Additionally although the rates
of reéction of CH5+ with alkanes have been extensively
studied,136 very few rate coefficients for reaction of

NO+ with organic compounds have been obtained. Clearly

a greater understanding of ion-molecule reactions

between NO+ and hydrocarbons is required, to ascertain
whether reaction rates and thus CI sensitivities are

structure dependent, "Then true quantitation should be
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achieved.

One concludes that at present, gas
chromatography should be used if absolute quantitation
of know materials is required. Methane CIMS provides
information regarding molecular mass and parent alkene
structure and NO/N2 CIMS can give molecular mass and

some semi-quantitative data.



279

4.5.3 Synthetic aromatic hydrocarbon lubricants

These fluids are fypically prepared by
polymerisation of simple aromatic hydrocarbons. The
resulting fluids have found use in iarge electrical
transformers as coolants. Their use in automotive
lubricants is limited and thus only small quantities are
produced. It is probably for these reasons that little
information on their analysis is found in the literature.
Therefore each fluid has to be treated as é complete
unknown and analysis by a variety of techniques is often
required to obtain a structural picture.

Since'the material is known to be aromatic,
the molecular mass of components should be.readily
obtainable from fluorobenzene chemical jionization mass
spectrometry using methods similar to those described
for ester analysis, sée Section (3.2.1). Reaction of
fluorobenzene with aromatic compounds has been shown to
produce only molecular ions and sensitivities are expected
to be practically independent of structure (see Section
(4.4)). Accordingly the mass and relative abundance of
the ions in Tables (3.21.1 ) and (3.21.2) will correspond
to those of the aromatic components present. They are
grouped according to their probable structures, see
Scheme (4.%).

The principal component of fluid SAH2 has
mass 236 which can correspond to diphenylcyclohexane.

A compound of mass 312 also observed, similarly can
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" SCHEME 4.6 Chemical structures of synthetic aromatic

lubricant components.

@ Alkylbenzenes : Diphenylalkanes
Ry R> R, R2
CH»);
Rs
BiRo = C1o%21° %1183 RysRy = CHg,H
R3 = CHS,H

(:) Alkyltetrahydronaphthalenes CE) Polyphenyls

e (O}@

Rs R A
R, = CHg,H R =H
Ry = Cy0H21:C11Ha3 n=1,2
R. = C.H..,C.H

3 7613’77 15

(:) Phenylatedcyclohexylbenzene : (:) Dicyclohexylpolybenzer

e

= n
R CHB,H
n = 1,2 n = 1:2
(ﬁ) Alkylpolytoluene (:) Alkanes
R, '
CH2© H2 N H—(Cn H2n)ﬁ—‘H
R3 /n R1
= n = 10,11
RZ’RB’RI H,CH3
m= 2,3

n=1,2
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correspond to cyclohexyl phenyl-phenylbenzene.

The other components have masses characteristic of
polyphenyls (structure E ) and dicyclohexyl-polyphenyls
(structure G), which are likely impurities from the
preparation of diphenylcyclohexane.

SAH2 has components with molecular masses
expected for compounds resulting from the polymerisation
of toluene having small quantities of benzene and xylenes
as impurities, see structure H, Scheme (4.6).

Some synthetic aromatic fluids are prepared
by alkylation of benzene and toluene. Often alkenes are
utilised for such preparations resulting in production of
long chain alkanes as by-products. These would not
have been ionized by fluorobenzene_so each fluid was
also analysed by NO/N2 chemical ionization mass spectro-
metry. The NO+ ion generated in NO/N2 reagent gas
reacts with aromatic.hydrocarbons by charge transfer and
aliphatic compounds by hydride transfer giving ions that
are easily distinguishable.by their odd masses, provided
they do not contain odd numbers of nitrogen atoms. Only
fluid SAE1 was found to contain alkanes. See Table (3.20).
These had carbon numbers of 20, 21, 22 and 30. By
arguments similar to those used in the assignment of
hydrogenated polyalphaolefin monomers, section (4.5.2),
the alkanes observed in SAH1 probably result from
polymerisation 6f decene and undecene. From the fluoro-

benzene spectra the principal aromatic components of
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SAH1, structure A,Table (3.20), have those masses
expected for benzene and toluene poly-alkylated by
decene and undecene. The other aromatic components,
structures B and C, Scheme (4.6), are plausible
by-products of alkene alkylation of benzene and toluene.
Thus the molecular mass, possible structure
and relative abundance of the components in synthetic
aromatic fluids were relatively easily detefmined from a
combination of fiuorobenzene and NO/NZ chemical ionization
mass spectrometry. The accuracy of quantitation is limited
by the same constraints as already discussed for the
analysis of both esters, (4.5.1) and hydrogenated poly-
alphaolefins, (4.5.2). Additionally their synthetic origin
may be postulated. The three fluids were independently
analysedﬂiby more conventional methods when the same
structural conclusions were reached. However for this
far greater time and effort were required. The short
analysis time for the CI analysis, ca 20 mins, and its
simplicity makes it ideal for a quick initial inspection
of an unknown fluid. The method also demonstrates the
value of discriminatory ionization of compounds of different
chemical types for the simplification of direct mass spectro-

metric analysis of unknown mixtures.

& Private communication with Burmah Castrol Company.
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4.5.4 Mineral o0il analysis

Over the years a great deal.of effort has
been expended developing methods for the analysis of
aromatic components in hydrocarbon mixtures. This is
because aromatic material can drastically affects both
physical and chemical prdperties of the hydrocarbon
fluid. Viscosity, additive solubility, rubber .
compatibility and pour point are affected by the type of
aromatic material‘present. Additionally the total
aromatié content affects thermal and oxidation stability
of the fluid. High aromatic contents are detrimental.
Therefore determination of both total aromatic content
and compound type is required.

In the current study fluorobenzene chemical .
ionization has been utilised for the analysis of aromatics
without prior separation. The initial results gained are
encouraging with good reproducibility of quantitative and
qualitative data. Other mass spectrometric methods
have been used in the past notably electron impact,16 but
such analysis requifes prior separation of the aromatic

components by liquid chromatography. Qualitative data

91,137

has been acquired for hydrocarbon fluids with a

variety of boiling ranges using negative chemical
ionization by OH ions generated from NoO and low boiling
hydrocarbons, e.g. CHy or hexane. Unfortunately
extension of this mass spectrometric method to provide
quantitative data is not possible since response depends
strongly on structural type. To date quantitation by

chemical ionization has been limited to low boiling
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fluids e.g. gas 011518’123 and gasolines. In these
studies samples were dissolved;in chlorobenzene and
introduced to the source via a batch inlet system.

The solvent then acts as the reagent gas. When using
chlorobenzene reagenf gas in such a manner sample
ionization results from several reagent gas ions, and
there is always the possibility of different ions
reacting preferentially with compounds of different types.
No kinetic studies to evaluate this have been

reported.

In the analysis reported here a constant
source pressure of fluorobenzene was maintained resulting
in an essentially monoionic plasma. Kinetic studies
(4.4) have shown that,at least for alkyl benzenes,
reactivity is expected to be independent of structure.
"Very low sample partial pressures were used to alleviate
both possibilities of cascade type ionization, which
has been observed when using cyclohexane reagent gaslS,
matrix effects leading to increased fragmentation, and
to avoid reagent gas plasma saturation resulting in
sensitivity changes. The possibility of the latter
occufring was indicated by reductions in rates of
reaction of the reégent gasian C6H5FT with samples at
partial pressures greater than 4 m Torr, see Section
(4.4).

Lubricant oils were volatilized into
the source from the solids sample probe using a linear

temperature gradient while spectra were continually
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recorded. This results in a variation of total ion-
current with time due to the vqlatilization profile of
the sample. Schrank, Grigsby and Scheppele138
observed changes in mass spectrometer sensitivity with
total ion-current. 1In order to maintain quantitation
they used a feed back loop between the total ion current
and the probe heater controller such that volatilization
occurred at such a rate as to produce a constant total: ion-
current. In the present study it was felt that only
limited control of volatilization rate would be achieved
by such a feed back system. Accordingly, use was made
of the low intensity ion, m/z=247, in the.reagent gas
plasma, which did not react with the sample, to correct
sample ion—gurrent for changes in mass spectrometer
sensitivity.

To facilitate quantitation it was
necessary to add a:standard to the lubricant. Although
it has been shown that sample independent standardsl39
may be used in CIMS, in the current study an aromatic
compound was required. Triphenylbenzene was chosen
since it was readily available, had a mass greater than
300 Daltons (near to the mass range of lubricants
ca. >280 Daltons) and its mass of 306 Daltons did not
coincide with those of the major aromatic components,
namely alkyl- and cycloalkylbenzenes. Although its use
was found to be perfectly satisfactory for low boiling
lubricants such as MIN.1, see Section (3.2.4), it was
unsatisfactory for use with higher boiling fluids, e.g.

MIN.2. This was manifest by low values for aromatic
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contents of such fluids. In the case of MIN.2 the
triphenylbenzene distilled from the probe prior to the
sample rather than during sample vaporization. Clearly
there is a need for several higher boiling standards to
gnsure good quantitation. Additionally standard
mixtures should be examined to further evaluate the
quantitation potential of the method.

_Tentative strﬁctural assignments may
be made based on the 'z' value, see Section (3.2.4) but
only when the concentration of heteroaromatics is low.
This is normally the case in lubricating fluids which
are refined oils. However, should heteroaromatic
compounds detection be specifically required or their
concentration become significant, ca. >4% of aromatics,
then other reagent gases which specifically ionize
heteroaromatics should be sought. The concentration of
such compounds so determined could then be subtracted
from the fluorobeniene "total aromatic mass spectrum" to produce
quantitative data on non-heteroaromatics. To date
no such reagent gas exists for the specific analysis
of e.g. sulphur heterocycles. Analysis of these is
of varticular imvortance to the lubricant industry owing
to the adverse effect they have on lubricant life.

‘See Section (1.1).

However molecula mass distribution
currently obtained using fluorobenzene is very useful
in distinguishing different lubricants,as illustrated

by MIN.1 and MIN.2 in Figure (3.28). Not only is the
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boiling range difference clearly seen, in good agreement
with results obtained from simu}ated distillation, but
also the proportioﬁs of alkyl and cycloalkylbenzene are
seen to be markedly different.

High pressure liquid chromatography
(HPLC) is routinely used for the determination‘of both
total aromatic content of hydfocarbon fluids and
evaluation of relative proportions of polycyclic compounds.
However it canhot provide the detailed information
determined using fluorobenzene CIMS. Therefore once
the quantitative approach has been more fully defined
both by further kinetic studies and analysis of standard
mixtures, data at least as good as that obtained in low
voltage, low resolution EI mass spectrometry will be
obtained but without the need for preconcentration of

the aromatic compounds.
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" APPENDICES

APPENDIX I

Polarizabilities and dipole moments of organic molecules.

Dipole moments and polarizabilities used |
in the estimation of: (a) ion-source residence times,
by the ion mobility (equation (3.1.9),Section (3.1.1)),
and (b) collision capture rate coefficients by ADO
(averaged dipole orientation) theory45 are given below.

| Values of dipole moments for compounds in

the gas phase were taken from tables. Where gas phase
data was not available the phase or solution soivent in
which determinations were made is appended.

Values of molecular polarizabilities were

141,142

taken from tables. Where experimental values

were not available estimates were made from the Lippincott

§-function potential.14o
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"Dipole moment'f

Molecular polarizability

uD/ Debyes
s/

......................... cal expt
Iso-butane 8.14%
Methylcyclopentane 10.85 11.032
Methylcyclohexane .12.66 12.80%
Ammonia 2.26°
Flurobenzene 10.23 9.86"°
Di-fluorobenzene 10.21 9.80b
Benzene 0.02 (liq.) 10.29 10.32%
Methylbenzene 0.37 (liq.) 12.07 10.26%
Ethylbenzene 0.54 (CCl4soln) 13.86 -
1,2 Dimethylbenzene 0.56 (benzene soln.) |
1,3 Dimethylbenzene 0.35 ( " " )T713.86 14:2a
1,4 Dimethylbenzene 0.0 -
n-Propylbenzene 0.36 (lig.) -
iso-Propylbenzene 0.40 (1liq.) 15.66 -
1,3,5 Trimethylbenzene 0.0 15.94P
n-Butylbenzene - 17.47 ~
sec-Butylbenzene - 17.47 -
iso-Butylbenzene 0.52 (benzene soln.) 17.47 -
n-Pentylbenzene - 19.26 -
Cyclobenzylbenzene 0.62 (benzene soln.) 20.40 -

T Values taken from tables (Dig Dielect 1972, 1974, 1976).

# Calculated using Lippincott &-function potentials (Ref.140)

a Values taken from tables (Ref.141).

b Values from work of Denbigh (Ref.142).
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Compound name Dipole momentT Molecular polarizabilitx
uD/ Debyes / RS
cal*r expt.
Hexamethylbenzene 0.0 21.06 21.48P
Thiophene 0.55 10.60 -
2-Methylthiophene 0.67 12.34 -
2,5 Dimethylthiophene 0.51 14.10 -
Furan , 0.72 (benzene soln.) 7.23 7.23b
2-Methylfuran 0.65 9.03 -
3-Methylfuran 1.03 - -
2,5 Dimethylfuran - 10.83 -
Napthalene - \ | 16.50 17.48P
1-Methylnaphthalene 0.48 (Cyclobenzene 12.28 -
2-Methylnaphthalene 0.45 soln. - -
|
+ i

Values taken from tables (Dig Dielect 1972, 1974, 1976).
F Calculated using Lippincott §—function potentials (Ref.140)
a Values taken from tables (Ref.141).

b Values from work of Denbigh (Ref.142).
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APPENDIX II

The hardware components of the system are
given in Figure (II.1). The control software enabled

the following: -

- Real time:

digital scan control

~ data collection and peak thresholding

~ Interscan: - peak area and mass calculation
- mass and intensity reporting
- Display/Hard u
copy - total jon-current plot

- reconstructed ion-current plots
- mass spectra plots
- tabulated spectra

- averaged spectra plot/table

- Long term data storage
- Direct ion-source pressure measurement
The user interacts with the system via a

simple monitor program (written in FORTRAN 1IV) which
facilitates control of: scan rate, scan start maés;signal
threshold, data processing and data storage. Real time
control and data acquisition is performed by routines
written in machine code (MACRO-11). The scan mode used
is exponential down. Data is collected af a digitisation
rate of 30 kKHz. Other routines (also written in FORTRAN 1IV)
facilitate manipulation and display of the mass spectra

data. A list of the commands available is given below.
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The software was written by the author.

DATA SYSTEM CONTROL COMMANDS
Scan and acgquisition commands

SS = set scan speed

AV set accelerating voltage
LM = set last mass

RN = set number of scans

TH = set threshold value

Data storage

SN = no data stored

SD = temporary store only

ST = raw digital data stored

PE = mass/abundance data stored
Data processing

PN = no processing

PS = mass calculated

PA mass/abundance found
PC = Time/area data found
Utilities

SE = l1list control parameters

CF edit/create calibration file
CA = auto calibration
RT = Enter data manipulation routines

HP = Help file

Data manipulation

These commands can be activated by a single key

on a secondary key pad of the VDU.
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Display/Plot total ion current

Plot/Display reconstructed ion-current
Plot/Display mass spectra

List mass spectra number x to number y.
Average mass spectra between number Xy and V1
Plot/Display/List average mass spectra

Help Display.
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APPENDIX ITI

Carbon and hydrogen elemental analysis
was conducted on all compounds. The values obtained
are given in Table (III.1).

All compounds were analysed by NMR and
Infrared spectrometry. The data obtained from NMR
is recorded in Table (III.2). The infrared spectra
of the dibasic acid esters showed the same principal
features, namely:

Voax (liquid) 2960(s) ( - CH3), 2920(s) ( - CH, -.),
2870(m) ( - CH - ), 1740(s) (saturated ester C=0),

1465 (w) ( - CH, - ), 1380(w) ( - C - CH3).

Similarly estérs of the neopentyl polyols
2-ethyl-hydroxymethylpropane-1,3 diol and 2,2 bis(hydroxy-
methyl) propane-1,3 diol displayed:

Vmax(liquid) 2960(s) ( - CH3), 2940(s) ( - CH, - ),
2880(m) ( - CH - ), 1740(vs) (saturated ester (C=0),
1470(w) ( - CH, - ), 1380(w) (C - CHS)’ 1250(m), 1170(s)

(H - ? -C -).
C
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