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Abstract.

This thesis is concerned with the developement
and evaluation of microwave excited emissive detectors
for gas chromatography. Firstly, a low-pressure system
wés ipvestigated, in which the eluate from a gas
chromatographic column was passed into‘a discharge
maintained at 2450lHz in helium or argon at ca. 3 torr.
This compound was fragmentéd, excited and caused to
emit its characteristic emission spectrum, which, when
monitored at a characteristic wavelength provided
a detection of the eluate as it passed through the
discharge.

Secondly, the complete spectra (from 200 to 700nm)
in the discharge of all the compounds under study, in
concentrated mixtures with the carrier gas, were obtained.
The salient emission peaks were used as the monitoring
wavelengths in the enmissive detector system.

Seaied microwvave excited electrodeless discharge
tubes were prepared for each of the compounds, and were
used to provide casily available sources of these
characteristic emissions, which could be employed to setb
the monochromator at the required wavelengths. These

sources were studied spectrographically, and shown to
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provide emission similar to that obtained in the
continuous flow systen.
Finally, an emissive detector for gas chromato-
graphy using an argon discharge at atmospheric pressure

wés developed and evaluated.



-l

Acknowledgements.

The work described in this thesis is entirely
original except where due reference is made. No part
of the work has previously been submitted for any
other degree. The work was carried out in the Chemistry
Department of Imperial College of Science and Technology,
between October 1967 .and July 1970.

I wish to thank my College supervisors, Profeésor
T.S. West and Doctor R.M. Dagnall, for their invaluable
help and guidance throughout this project, and to my
colleagues for helpful suggestions and discussions.

I am grateful to the Science Research Council for
the provision of a grant under the Co-operative Awvards
in Fure Science\échéme, and to the Heavy Organic Chemicals
ﬁivisiqn of I. C. I., Billingham, for supplying much
of the apparatus used. Also, thanks are due to I. C. I.
for many invitations to visit Billingham and use all
of the available fadilities.

I also wish to thank Doctor D.R. Deans, of I. C. I.,
ny exbternal supervisor, for his help with the chromato-
graphic details of this project.

Finally I wish to thank my lMother for all her
encouragenent, and my wife Lois for suffering my short

temper and still mansging to type this manuscript.



Introduction.

Chapter I.
Chapter II.
éhapter 11T,
Chapter Iv.
Chapter V.
Chapter VI.
.Chapter VII.

Publications.
Bibliography.

5

Contents,

The History of Gas Chromatography.

The Evaluation of the Experimental
Parameters assoclated with a Low-
Pressure Gas Discharge. '

Production and Evaluation of the
Spectra of some Sulphur Compounds
in a Flowing System.

Microvave Excited Electrodeless
Discharge Tubes conbtaining Organo-
sulphur and -phosphorus Compounds.

The Low-Pressure Microwave Excited
Emissive Detector System for the Gas
Chromatography of Sulphur Compounds.

A Modified ILow-Pressure Microwave
Excited FEmissive Detector for Gas
Chromatography.

An Atmospheric Pressure Microwave
Excited Emissive Detector for Gas
Chromatography.

Conclusions and Suggestions for
Future Work.

Page

Page

'Page

Page

Page

Page

Page

Page

Page
Page

52.

81.

102,

130,

169.

199.

215.

220.
221,

Y. wimpp——



Inbroduction.

The History of Chromatography.

Chromatography is one of the most-widely used
methods for separating the components of mixtures.
This separation depends on differences in the distrib-
ution coefficients of the components between a station-
ary and a mobile phase. This technique was first
employed by Ramsey (1) in 1905,in order to separate
mixtures of gases and vapours. These first experiments
used the selective adsorption on, or desorption from,
solid adsorbents such as active charcoal. In the
following year Tswett (2), a Russian botanist, extended
these studies t9 the separation of plant pigments on
a column containing powdered chalk. By passing light
petrdleum through the column,the various componenté
of the original mixture were separated irto a series
of coloured bands. Tswett (2) named this technique
"echromatography", which literally means "colour
writing". However, the process of separation is in no
way dependant on the substances being coleured, and
thus the term is, today, a complete misnoner.

After this initial work, chromatography remained

an unstudied field until about 1930, when Kuhn and



Tederer (3,4) Dbegan their investigations, and from
then onwards vhe technigue of "elution chromatography)

as 1t had become known, becane increasingly used for

o

the separation of uncoloured as well as coloured

G

materials. It was found that the position of uncoloured
substances could be discovered by extvruding the column,
cutting it inbto sections and analysing each section,
However, in 1036 Koschara (5) devised a much more
satisfactory method of collecting the separated fractions
of a mixture, by which the washing proceedurs was
conbinued until each of the adsorbed substances, in
turn, was removed from the column. Bach fraction of the
ceparated mixture was collected, worked up and

analysed. The column could then be used again. This
method, although a great improvement on previous
methods, still suffered fronm theAlack of a convenient
aﬁalytical nethod of detecting colourless sclutes

as they emerged from the colum:s, Tiselius (6)

introduced the continuous nmeasurement of refractive
index for the debtection of the elution bands and
thereby enornously extended the usefulness of the
technique. In addition to this liquid-liquid

chromnatography Tiselius also applied adsorption
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chromatography to gases, using the measurement of
conductivity or éas density as the analytical
method. This work was summarised in 1846 by
Claesson (7).

The appearance of gas-liquid chromatography
as a btechnique came in 1941, wvhen Hartin and Synge
(8) suggested the possibility of partition chromato-
graphy to separate components present in the gas
phase. Iﬁ remained however, for James and Marbin
(9,10) to devise the first analybical applications
of this method in_1952; The terminélogy of the
subject was recommended at this tine by Johnson
and Stross (11). According to this notatioﬁ,the term
gas.chronatography descrives all chromabtographic
methods in which the mobile phase is a gas, whilst
gas-liquid chromatography involves the use of a
quuid stationary phase distributed on a soiid
support,and gas-solid chromatography describes all
gas chromatographic methods in which the stationary
phase is a solid. |

The work done by James and lartin was extended
by them in the same year to achieve the separation

Eal JE D 5%

of fabty acids and subsequent debermination by



automatic titration. Due to the obvious disadvan-

Gages inherent in the method of detection employed

Ol

y James and lMartin (9,10), the techanique of gas-
liguid chromatography cannot rsally be said to have
become a generally accezted mebthed until 1954, At
this vime Ray (12) developed a detector of vastly
simpler practical usage. This was the katharometer
detector or thermal conductiviby gauge. This type
of detedtor had previously been used by Fhillips(13).
The introduction of the katharometer for use
as a gas chromatographic detector éolved nany of

. -

initial difficulties of the technique, and since

<t
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h

time, the b

N
]

h

o
(6]
tde

sic design of the apparatus has

)

ltered very little, except in the sophistication

of the instrumentation. The essential features of
all gas cnromatographic equipment is shown in Fig. 1.
detection system, it is limited in that it cannot
rezister components abt a level of less than 1‘part in
106 of the carrier gas. This limited sensitivity 1s
due to the fact that the katharonever measures a
property common to all components in the gas stream

and also the carrier gas itself, this means that the
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gure I. Generalised gas-~chromabographic apparatus.

C
- carrier gas supply. A
~ thernostatted column. R
- detector. F
- sanple collector. I

anplifier,
recorder,

flow regulator.

injection block.

~ opbional gas flow to balancing arm of detecbor.
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ultimate 1imit of sensitivity is set by the stability
of the electrical power supply and of the carrier

srean. Thus in order o increase the detectbion

f_}

imits of gas chromatography, a need had arisen to
develope a detector which responded only to specific
properties of the eluted components and not Lo those
of the carrier gas. In 1958 two such detectors wvere
invented; the first, by Lovelock (44,15), was the
argon detector and the second, by HeWilliam (16, 17),
vas the flame ionisation detector. Both of these
detectors proved to be 105 times more sensitive than
the katharometer. | )

Other recent advaices in gas chromatography have
greatly increased the scope of This technique as a
genecral and routine analytical tool. Amongst the
most useful ones are j -

(i)  Programmed tenperature chromatoaraphy(22 2%,24) .,
By this method sample conponents of compounds

with a widely differing range of boiling points can

J

be separated extrenely rapidly, by ralsing the
temperabture of the whole coluun al a predetermined
and unifori rabte during the separation., This is

Tnown as linear temperalbure programming.

2-1
Q'J
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(ii) Capillary chromatography (18,19,20,21).
This is a developenent whereby only extrenely
small liquid loadlngs are necessary and the separation
is achieved by a liguid phase wretained on the walls
of a capillary colunn,
(iii) Gas-solid chromatogravhy (25).

Together with the technigue of temperature
programming, gas-solid chromatography can be used to
separate'mixtures of permanent, rare and certvain
light hydrocarbon gases.

(iv) Pyrolysis gas chromatograrvhy (26,27).

The technigue is otherwise known as "non-

cf

oxidative thermal fission", and it cxtends the scope
of convenvional gas chromabosranhy o include
substances which are completely non-volatile.

(v) Preparative-scale gas chromabography (28,29).

[6)]

3y using this technique, ga chom cogranhy can

be used not only for analybical zurposes but also

for the purification of materials on the 0.7 to 100

gram scale.
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Gas Chromatozravhic Detectors.

The term "detector" is understood to mean an
instsrument which converts the chromatographic result
into a form in which it cah Be recorded, and it is in
conjunction with the recorder that the detechor
provides the chromatogram. It is, without doubt, the
detector which is.the nost important single necessity
for accurate, sensitive gas chromatography, for no
natter with whet degree of ce¢fficiency the separation
is achieved on the column, the sensitivity of the
determination is only as good as the detector. This
is because bthe detector measures the amount, and
indicates the presence, of the components in the
column effluent; consequently the developement of

gas chromatography has closely followed the adoption

=
<

o

or invention of suitable detectors.

It is useful to distinguish betweeﬁ two types
of detvector: the first kind measure the eluted
substance directly, whilst the second give a measure
of the combined properties of .Lhe carrier gas and
the substance. Detectors of the first type are
preferable, since the measuremgnt obtained refers to

the substance alone. It 1is also useful to classify
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detectors into two further groups, depending on the
ype of result recorded. If the detector records
the concentration of the given substance as it
vaeries from nmoment to monment (ie. the differéntial
of the analytical result), it is called a differ-
ential detector, and produces chromatograms consist—
ing of Gausslan-type peaks. If, however, the
detector continually adds togebther the anmounts of
substancé issuing ﬁrom the column, it is an integrai
detector, and the recorded result consists of a step-
shaped curve. In both cases the chfomatogram may be
evaluated quantitatively: with differential chromato-
grams the area under the peaks corresponds Lo the
amount of the component present, whilst with integral
chromatograns the step height is a measure of this
value. In general, the differential type Q9tectors
are most suitable for qualitative analysis and for
cases vwhere partially resolved or very small peaks
have to be determined, whereas for quantitative
work, in principle, the integral type detector is to

be prefered.
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Detechor characteristbics.,

The necessary requirements of a gas chromato-

18

¢

sraphic detector are numerous and may range from the

0

nitability for guantitative analysis, to the
specific detection of trace materials, consequently
to date, no single detector has been developed which
can be used under all circumstances. A detector
should bg a simple piece of equipment which is
readily constructed and requires minimal maintenance.
Additionally it should be as versatile as possibie,
that is, it should operate over a wide range of
conditions and respond to as wide range of”materials
as possible.

Another imporbant property of a deltector is
that it must have a predictable resvonse; ideally,
a detector for use in quantitative analysis would
fespond equally to all materials, either on a weight
basis or on some other stoicheiometric property.
Allied to this,is the property of linear response to
each material over a wide range of concentration
(ie. between O and 1%). It is found in practice that
few detectors even approach suéh behaviour, and, in

ceneral, calibration is required for each material
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at all concentrations. All this imformation,

however, can normally be obtained from a single
series of experiments, and several papers describing
calibration proceedures have been published (30 to 33).

A gas chromatographic detector should be

insensitive to rénﬂom changes in the gas flow rate
and pressure, and similarly to random temperature
changes, particularly if it is measuring a property
which is itself temperature dependent (34). Also,
any system which attempts to measure small changes in
large values is, in general, unsatisfactory, although
such detector systems have been proposed (35).
The detector should be of small volume to prevent
renixing of the separated components,and the material
from waich it is constructed should neither react
with, nor adsorb, any of the sanple components. It
should have a high sensitivity, being able to show,
with certainty, the presence of 10_6g. of substance
in 1 ml. of carrier gas, and should have a high
signal to noise ratio, that is, the signal from the
sample should be clearly distinguishable from the
background signal ie. random variabions in the

output of the detector. Generally,a peak is just
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detecvable 1f its height is twice the noise level,
that 1s the signal to noise ratio is 2.

Lastly the detector should have a rapid
response tine (36)-—~ less than 1 sec.§ the three
factors contributing to this being,the speed of
response of the sensing element or process involved;
detector dead volume (37,38); and the time constant
of the assoclated equirment.

Having stipulated these requirements, it is
only fair to‘point out that a detector satisiying
all of these is merely a utopian ideal, and most
practical detectors match up only to a few of these
demands. The following section is concerned with a
discussion of the most commonly used devectors, and
an appraisal of how well they compare to the "ideal'

detsector.
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Practical Detectors.

(i) The Thermnal Conductivity detechor.

The thermal conductivity cell or katharometer
(a name applied by Shakespear {39) in 1921), was

gas chronabtography by Claesson (7) in

&
o

first used for
19497, It is at present, the most widely used detector
and is regarded as the standard against which all
other detectors are compared, even though it satisfies

few of the criteriz for an ideal detector. The modus

~

ovaerandi of the katvharoneter is that heat is
transnorted away from a hot boay aL a rate which

depends upon the composition of the gas surrounding

that body. In other words, the rate of loss of heat

is indicative of the composition of the gas. The
hot body concerned,which becomes the sensor of the

katharcmeter detector, is a mebal filamenlt or metal

oxile thermistor, which senses changes in the

4

thermal conductivity of the carrier gas sbrsam and
registers then as the {luctuations in filament
resisbance induced by Ganperature changes. The
filament is maintained at a higher temperature than

the cell housingj; conssquently the heat Transfer is

a funcbion of the thermal conductivity of the gas in
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‘the cell housing, Because absolute changes in
thermal conductivity are very difficult to measure,
differential techniques are used in practice. Two
pairs of matched filaments are arranged in a
“heatstone bridge circuit,housed in a cell +through
which there are two gas channels; a sample channel
and a reference channel. The bridge remains balanced
as long as the thermal conductivity of the gas |
flowing through eqch channel is the same. %hen the
sample sbtream contains a foreign gas or vapour, the
rate of heat transfer is changed aﬁd the bridge
becomes unbalanced. The magnitude of this unbalance
is a measure of bthe instantvanecous concentration of
the solute in the carrier gas. The signal is fed to
a recorder, thus producing the chromatogram,

The sensitivity of the katharomete; detector
is a function of the Lemperabure, the thermal
coefficient of resistance of the filaments, the

thermal gradient from the filaments to the cell

wall, the thermal conductivity of the carrier gas and

the cell geometry(40); conseguently the design of

this Type of detector has been the object of

intensive research (41 to 44). The choice of detecting



20—~
elements lies between thermistors (45,46) and heated
metal wires, but, because of the matching difficulties,
metal filameﬁts,usually of tungsten or platinum,are
more nbrmally used. .Helium and hydrogen prove to be
the best carrier gases (49 to 61) because of their
high thermal conductivitiles; thus, better detection
limits and more predictable results are obtainable
than with other carrier gases (41 to 43,62,63).
In.general the cell volume of a katharometer

is about 2 ml.,and hence,for high resolution and
for use with capillary columns,thef are unsabisfactory,
however,bo cope with this contingency,micro—volume
katharometers (as szall as B)Jl) have been designed
(64,65,66). The katharometer can detect a2ll maberials

including permenent gases. It is, however, sensitive
o flow-rate and temperadture changes, thus making
guansitative analysis, in which flow or temperaﬁure

programming are used, difficult. Its opsration is
simple and it is robust and inexpensive.

The most recent review on the design and

‘characteristics of katharometérs has been published
by Lawson and liiller (67), these authors collecting

together all of the available information up to 1966,



DY

(ii) The #lame lonization Detector.

Thermal ionization of organic materials by a
flame foras the basis of operation of the flame
ionization detector, and detectors based on a
hydrogen flame were designed as long ago as 1958 by -
MeWilliam (17,68) and Pretorius (69)., The combustion
of mixtures of hydrogen and oxygen or air produces
very few ions, but when carbon-containing compounds
are presént, ionization occurs and the flame becomes
conductive, The mechanism by which ions are produced
is not well understood, but whatevér the mechanism,
the increase in conductivity is sufficient to make
the detector an efficient device for measuring carbon-
containing compounds.

The design of the flame ilonization detecltor is
quite simple; the eluate from the column is mixed -

with hydrogen and oxygen as it passes through a

jet and the mixbure is burnt in a small flame. Two

@

lectrodes measure the electrical conductivity of
she f£lame; in prachice,the burner jet is one of
the electrodes and the other is a wire or grid

he tip of the flame. The back-

cf

extending into
-11

@

round eurrent of the detector is very low, ca. 10
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to 10"12amp. (70), so the presence of any ion
producing compound is readily detectable even
though the efficiency of ionization is poor.

This type of detector is insensitive to
the permanent gases and to water vapour, but
responds well to most organic compounds, with the
exception of organometallics. This detection tech-

nique cannot be used in studies where examination

of the eluate is necessary, unless stream-splitting

| ad

s used. However, this detector is particularly

imple and elegant and many workers have under-

(6]

taken detailed studies of its performance (71 to 77),
Results obbtained by lKcWilliam (72), indicated that
the response is linear with respect to concentration
over a wide range,and this has been subsequently
corroborated (73,74), although some comments on
ﬁon;linearity do appear in the literature (71,77,80
and 81).

The overall performance of the flame ionization
detector approaches the requiremecnts of an ideal
detector; it is sensitive, ext:emely stable, has
o small dead volume and a rapid response time.

Additionally, its construction is simple (72,82)
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and it is robust =nd inexpensive,

(iii) Other flame detectors.

There are two other detecltbors related to the
flane ionization detector, in that the components
emerging from the column are burnt in a jet. The
modes of detection, however, are different.

The flame thermo-couple detector (83) measures
changes in temperature which occur in a flame when
a component is introduced at the Jjet. The hot
junction of a thermo-couple is placed slizhtly above
thevnormal flame, and the cold junction is placed
in constant-temperature surroundings, vWhen an
organic vapour exnters the Jjet, the flame lengthens
and ensulfs the thermo-couple; the oubtput-is
recorded wibthcut amplification. This detector is
thus extremely cheap and simple to cdﬁstruct. Its
performance has veen thoroughly studied (48,84) and
it has been found that for simple hydrocarbons at
least, the response is directly related to the mass

of nabterial present. The use of oxygen as a flane
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gas,in place of air,increases the linear dynamic
range(83). In common with the flame ionization
detector there is an insignificant response to-
wards inorganic gases. In summary, the flame thermo-
couple detector offers no disvinet advantages over
_the flame ionization detector, and in particular

it is far less sensitive.,

The flame photometric detector (85, 86), in

which the light emitted by a flame is monitored by
a photocell, has been used for quantitative analysis,
and although its response with an homologous series

is constant, it can vary widely from one series to
another. Selectivity can be increased by eiamining
specific emission lines characteristic of particular
functional groups or fragments (87,88,39). Usually
the response is not linear with respect to concentra-
tion. The detector can be made specific fér halogens
(90,91) and for sulphur and phosphorus (92,93), at
least on a qualitative basis. A flame emission
detector for vermanent gas aralysis, with a linear
dynanic range of four orders of magnitude has

recently been developed (94).
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(iv) The Electron Capbure Ionization Detector.

In the absence of externally imposed effects,
zases are excellent electrical insulators, bub
having been ionized they will conduct an electric
current. The neasurement of differences in this
current is the common underlying basis of ioniza-
tion detectors. The ease of ionization of various
s;ases differs greatly and this is the reason for
the seléctivity and, indirectly, the high sensitiv-
ity of ionization detectors.

The principle involved in electron capbure
detectors is one of recombination. The pripciplé
process causing the loss of ions at low field
strengths is the recombination of positive and
negative ions; Tthe recombination of two oppositely

charged molecular ions being about 106 times more
likely than that between a positive ion and a free
electron. Because of this, the extent of recombin-
ation will depend on the identity of the negative
charge carrier. In argon or nitrogen,these. are free
electrons, so recombingtion is less likely than in
gases with large electron affinities,where free

electrons are rapidly ceptured to form negative
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molecular ions. Lovelock and Lipsky (70,95) designed
the electron capbture detector to exploit this

recombination process. A P-ray source such as a

- Toil containing tritium or some other radiocactive

nuclide, is used in the detector to gencrate free

electrons. The ion chamber containing a free electron

3

sas such nitrogen,is kept at a potential just

o

0}

ufficient to collect all of the free electrons
formed. ﬁhen an electron capturing gas is inbtroduced,
a corresponding reduction in current flow results.
Because the electron affinities of\various conpounds
varies so greatly, the detector is exbtremely sensi-
tive to some compounds vhile being insensitive to
others. Halogenated compounds can be detecbted in

the picogram range, while hydrocarbons produce little
or no effect. Since Lovelocks initial studies, many
other workers have contributed 4o the design of the

electron capture detectors (97,98,99).

2e

Because of the extremely selective nature of
this ﬁype of detector, its unpredictable response
and sméll dynamic range, it 1s not particularly
suited to quantitative work, sxcept in Specialized

fields. lore usually it is used in conjunction with
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other devectors of more predictable response (99 to
105)..Recently however, details have been published
whereby bthe linear response of the detector can be

greatly increased. (106)°

(v) Argon ionization detector,

The argon ionization detector, first described
by Lovelock (14), utilizes a ﬁ—ray source to excite
the argon carrier gas moleculeé toMé non-ionized
metastable state. Ionization of the eluate molecules
occurs by energy transfer from the metastable argon,
provided that the ionization potential of the eluate
is less than the sbored energy in the argon (11.7eV)
(107). When this ionization occurs, there is an
increase in current across a pair of elegfrodes in
the detector chambesr. The relationship between the
concentration of the component and the current was
developed by Lovelock (14,108,109). The detector
has a small dynamic range and calibration for all
substances at all concentration levels 1s necessary

for quantitative work (79). It is readily overloaded,
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although the upper limit of detection can be increased
by using an argon-nitrogen mixture (110). The lower
1imiv of detection 1is greater than that of the flame
ionization detector.

FMore recently Lovelock has made two improvements
in the basic argon detector; the micro-version (111)
and the triode argon detector (70), which, by intro-
duction of a third collecting electrode,gives a

better overall performance than the basic detector.

(vi) Helium ionization detector.

Helium metastable atoms have higher energy (24.5eV)
than argon metastable atoms, so that by using helium
as the carrier gas in the standard ionization detector
(112), the detector responds to virtually all
materials (112 to 118) and 1is extremely sensitive.
In practice however, this detecltor is only used for
the analysis of trace amounts of permanent gases,
when no ovher debector is available.

An alternative method of ionizing the helium

is by the use of a heated filament, in this case the
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detector is called a thermionic emission detector (119)

(vii) Gas density detectors.

(a) The Martin gas densiby balance.

The response of a debtector which measures
density changes in a gas stream is calculable on
the basis of molecular weights (7). A descriptioﬁ
of a gas density balance for gas chronmatography énd

details of its construction were first given by
Martin and James (34). This gas density balance has
many of the properties of an ideal deﬁector; it 1is
robust, reliable and does not require expensive
auxiliary equipment. The response is linear (120,121)
it is non-destructive, and no components come into
convact with heated fileaments (cf. katharometers).
However, the detector is not easy to construct and
its limit of detection is not low compared with
ionization detectors. Additionally it requires a

high degree of temperature control for maximum

stability, but the response is flow-rate independent.



~30-
(b) The Gow-lMac gas density detector.

A study of the Hartin gas density balance by
Werheim (121) resulted in the design of a simplified
form of the detector, which now forms the basis of
a commercially available instrument. Little data has
been published on the performance of this detector
(122 to 125), but, within limits, its response is
predictable on a molecular weight basis; however, "its
linear dynamic range is less than that of the Martin

gas density detector (126).

(c) Gas volume detbectors.

The gas volume debector (127,128), an integral
deteclbor devised by Janak, measures directly the
volumes of eluted material after removal of the
carrier gas ( carbon dioxide ) by absorption in
potassium hydroxide. This detector has been used for
the quantitative analysis of gases and low boiling
point liquids, because of ilts predictable response
(129,1%0). Unforbunately, the limit of detection is
not low and it is not suitable for the analysis of
high boiling materiais. Consequently, this device is

no longer widely used.
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(viii) Debtectors involwving elsctrical discharges.

There are two distinet ways in which electrical
discharges can be utili sed for a gas chromatographic
detection system; the first being the use of the
ionisation process involved, and the second by use
of the light emitted by the discharge.

(a) Use of ionisation by electrical discharsges.

The wide variety of detectors working on this

t
principle are collectively known as photo-ionisation
detectors. The numerous levels of photo~energy
available for use in a detector of this type, and
the decpendence of gpecific sample lonisation upén
that phovo-encrgy, readily suggests a range of applica-
tions for gas chromatography (131). Efforts to adapt
this process to gas chromatographic detection systems
are ailded by the relationship between ionisation
potential and molecular complexity, as described by
Price et al. (1%31). Most polyatomic compounds, certainly
most organic ones, pogsess lonisation potentials
significantly lower than those of simple diatomic
and rare gases. For this reason, it is relatively

simple to select a source of radiation of sufficient

energy to ilonise sample molecules in the presence of
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‘an unaffected carrier gas. rurthernore, an electrical
discharge in the carrier gas appears Lo be an ideal
choice as a source of ionization for this type of
application; hence, no secondary radiation source is
NeCessary.
The practical aspects of lon formation by

phoﬁoionization have been well established by

Lossing and Tanaka (1%2), Watanabe (133) and others;
and appiication of this Technique to gas chromatography
was first described by Robinson and co-workers (134)
in 1957. ) |

In recent years there have been several attempts

to design detectors based on differences ih the
eglectrical conductance of a discharge in the effluent
gases., A dc glow discharge was first used by
Pretorius (135) for identifying the constituents of
betroleum ether, this method could not, however, be

used for guantitative analysis due to ranid contamin-
ation of the electrodes. Pitkethly (156} employed

a neon glow lazp for differentiating the current
changes due (o the effluent components excited by
eivher dc or oscillatory potentials. On the bas@s

that the ionization potential of helium (24.5v) is
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higher than for most other gases, Ryce (119) constructed
a detector in which the gases passed between a heated
filament and an electrode maintained at 18 V, VWhile

the helium carrier gas could nobt bs ionized at this
potential, all the eluates with lower ionizabtion
potentials gave rize to large current signals. However,
this method wias not quantitative due to rapid
voisoning of the heated filament.

In 1958, Lovelock (108,137) revorted an extension

Hy

of his work on the argon ionization detector (14); in

2]

this case he suggested the use of a subsidilary
electrical discharge as a method of produc;ng primary
free electrons. On this principle, he produced a
spark gap Gstector with which he measured the break-
down potential of gas chromatographic eluates, as a
functiqn of tkhe vapour concentration. This was not
completely successfuvl because good sbability of the
ionization current could not be achicved.

This work was foilowed in 1962 by Karmen and
Bowman (138) who reported a dc discharge detector.
In the same year Yamane (159) published his initial
work on a detector in wiich the primary electrons

were generated by a self-sustained subsidiary discharge
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in argon, upstream of the sensing chamber. Some of
these electrons vere passed into the sensing chamber
and the ionization caused by these in the sanple
stream,was measured. This detector was used to
determine 02 to 04 hyirocarbon mixtures, and the
1linit of detection for cis-butene of 8.9 x 10-11g/sec,
was reported.

La ser Yamane (140) miniturized his detector

and used helium as the discharge gas and arzgon as the

\.A-—(.‘

carrier gas; this resulted in a Qetector of more
linear response. necently this pr:ﬁC1ple has been
used in a commercial detector (141)

In 1965 Pisher and lMcCarthy (142) developed a
low pressure discharge detector where the eluates
envered the gap of the spark plug, across which a

glow discharge was maintained at 300 Vdc. Under these

conditions,the current across the gap is sensitive to
changes in the composition of the gas passing through.
\ \ ‘ot os -6

The authors report a sensitivity of 10 ug/ml. for

carbon dioxide =nd oxygen with nitrogen as eluant

=

his method however, is limited because each gas
szirple requires a critical setting of the spark gap

and an opbimum excitation potential.
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This publication was followed by a series of
three papers by Arnikar et al. (143,144,145), in
which they describe the use of an electrodeless
discharge in the annulus of an 211 glass Siemens'

.

ozonizer &s a gas chromatogrephic detector for
vernanent gases and organic compounds. The signals,
due to the sample sases, appeared as changes in the
constant discharge current of the carrier gas-nitrogen
plasma..These signals wefe shovn to be sharp and
vwell-resolved, and quantities of the order 10"7 mole
could be detected . The signal resﬁonse was linear
for a tenfold variation in sample concentration.

The fourth paper in this series (1486) compared

the electrodeless discharge detector with a katharo-

the discharge detector was ca. ten times more
In 1968 Price's evaluation (147) of his photo-~
ilonizatvion detector indicated it to be a highly
sensitive and discriminating'device of considerablé
long term =tzbility; the performance however, was
significantly influenced by the deteétor geometry,

electrode design and onerating paramcters. then bthe



—36m

detector was operated with an argon discharge atb
reduced vpressure, and a hydrogen carrier gas, its
responze to propane proved to be almost 5 orders of

magnisude greater trhan the commercial flame ionization

o

detector; the limit of detecbtion was 5 X 10"15 g/sec.
and its range of application was claimed as "nost
organic and inorganic compounds'.

Most recently Evans. (148) constructed a small
glow discharge detector with sbainless steel electrodes
and studied its resvonses Lo a va rlety of organicr
conpounds. Iigh sensitivity was obtained ie. 8 x 10"6
1g/ml of n-octane, but the resgonse varied“markedly
with the type of coupound being determined. Although .
detalled evaluation was inconplete, Zvans felt the

preliminary data showed the response characteristics
9

K~
L

O

his detector to be different from those of other
ionization %ype detectors (135,136,142),but that when
used in an appropriate dual detector system, his
detector appeared promising FTor quelitative gas
chrometography.

(b Use of the emission from electrical discharges.

Yhen a compound is introduced into a discharge

Py

a fragmentation vo avomic and molecular species
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occurs; these species are subsequently excited and
caused to enit electromagneiic radiation (149).

It is upon ho observation of this radiation that

enission-type detsctors are based. The wavelength of

I.

the resultant radiation depends upon the identity of
the species present and its intenéity, upon thel
concenfration,

In the 1920's,Stewart (150) investigated the
emission‘5pectra oi 140 organic cozmpounds after
excitation in a Tesla-stimulated discharge. Thls was
followed by Austin's (151) atten t< to identify organic
vapours by obscrving the emission from polyatomic
fragments, Although bthis failed, much information was

accunulated on the wavelengths of molecular bands.
Three years later,it was discovered that the dissocia-
tion of organic molecules into atomic an@ ionic
fragments,was an important factor in the maintain-
ence of the discharge (152); hence Austin's failure
was parbially explained.

During the 1940's Schuler made a great
contribution to the information on enission spectra
(153 to 161, 163, 164), and in the course of his work

he identified the emission from C, and CH species (158)
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and phenyl (154), aromatic (155) and CHO radicals (156).
Additionally, he designed an emission detector in
which the positive column of the discharge was
observed at low temperasures (410° K) (157), thus
allowing him to study the emission of unfragmented
organic molecules. Followinz this initative, much

additional information on the emission spectra of

o]
9

rganic compounds was forthcoming (165 to 179).

Soon after, Keller (180) developed a detcclor
for halogenated compounds which used high frequehcy
decomposition and subsequent Spectfographic analysis.
in 1960 Sternberg and Poulson (181) employed a Tesla-
xcited discharge as a gas chromaztographic detector.

3 1

ischarge in a gas abt low pressure

ey

They ncticed that a
(ca. 3 Gto &4 torr), was visibly zltered by small
anounts of vapour, particularly organic qgmpounds,
which gave blue-green C, emission. Thus,by monitoring
the changes in emitted light, a detection could be
achieved. |
In 1965 McCormack (182) produced the nost

comprehensive publication to date on the gas chromato-
graphic applications of the emission from organic

molecules. The original studies were made with a low
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pressure discharge in helium, dut subsequently it was
Tfound that a stable discharze could be obtained af
atnospheric pressure in argon. This detector was
shown to be linear over a large range of saaple sizes
and gas flow m»ates, but no conclucive rcsults were
obtained for the effect of microwave power on the
emission intensity. The quantitative results obtained

ars shown in Table 1.

Table I.:
Elcnent Compound Viavelength |Detection 1limit
(nm)' “ (g/sec)

Carbon 388.5 (cr) | 2 x 10719

516.5 (C,) | 3 x 1071*
Fluorine | CgFy 516.6 (2 ) | 3 x 10712

251.6 (81) | 5 x 10710
Chlorine | CHCL, om8.8 (ccl)| 8 %.10-10
Bromine CHBr 298.5 (2 ) | 2 x 1077
Todine Ol 5T 206.2 (I ) | 7 % 10~ 1%
Phosphorus | (C,H50)5P0 | 255.5 () | 1 x 101
Sulphur 08, 257.5 (c8) | 1 x 1072
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In addition to the analytical work done, the
detvector was used in an attempt to elucidate the
tructure of some organic molecules by the identifica-
tion of_the enission from diatomic fragments.
The lead offered by McCormack (182) was
quickly followed by Bache and ILisk who published four

s i

i

W

c

H
]

quick succession (183,184,187,188), The

a

da

two were concerned with the detectbion of

5

=

cr

irs
organo-pnosphorus insecticide residues and ilodinated
herbicide residues (185,186) in an argon- d discharge at
atmosvheric pressure. The emissions used were the

25%.5nm. phosphorus atomic line (yielding sensitivitie

~11

around 10 g of phosphorus per second) and the 206.2nm.

iodine atomic line (ca. 10_105 of iodine per second).
The last two papers (186,187) were concerned with the

detect

o

on of organo-phosphorus compounds in a low
pressure ( ¢a.20 cm. of mercury) helium discharge.

In ox to acihileve this, the gas chromatographic
equipnent was used abt low pressure. For phosﬁhorus
compounds this modification increased the sensitivity
of the detector by one order of magnitude, but some
chromatographic difficulties were found (eg. reduced

retention times caused separation problems)., However,
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overall, the detector gave a linear e sSpOoNnse,

Fﬁrther work was done by MHoye (189), using an
85% helium =15% argon mixture (an "ideal" mixbture
developed to overcome the difficulties he encountered
using pure gases) as the discharge gas at 25 torr.
Again chromatographic difficulties occurred at this
reduced pressure., This detector was used to determine
phosphorus and halogen\compounds, but littie
improvemént was made on previous work.

In 1968 Braman and Dynako (190) published ;
results obtained with a dc. spectrél emission detector,
the discharge being maintained at atmospheric pfessure
in helium between two platinum elecirodes. The
optimal operating wattage was found to be dependent
on the electrode gap and the discharge gas composition.
With this arrangement they obtained deteqtion linits
for 2-bromopropane al various wavelengths;

Table TI.

Wavelength (Mm) | Sensitivity (g) | Sensitivity (g/sec)
734.8 (Br) 5,1 x 1010 2.3 x 10~ 17
516.5 (C,) 5.3 x 1071 2.9 x 10712

- 11 13
4%1.2 (CH) 1.4 x 10 8.0 x 10
337.5 (CN) 6.0 x 10712 3.3 x 10”4
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Having investigated the respdnse of their detector with
respect to bromine, they continued their study by
examining other halogenated compounds. The results
obtained are shown in Table III.

Table IITI,

Compound Wévelength (nm) | Sensitivity (g)
Fluorobenzene 690.2 (1) 2.9 x 10—11
| 685.6 (F) 1.5 x 10”11
Dichloroethane 725.6 (C1) 2.6 x 1071
2-bromopropane 734,38 (Br) - 1.6 x 10~
1-~iodopropane 546.4 (I) bt x 40~
608.2 (I) 1.6 x 1010

The results obtaiﬂed showed thgt in all cases maximum
sensitivity was obtained at the atﬁmic line emissions.
In addition to this work, Braman and Dynako (190)
studied the effect on emission response of progressing
through an homologous series. They expected that the
responses at 02, CH, CN, C and H would depend on
the manner of breskdown of the compounds and ulbtimate-
ly on the structure of the compounds. This proved to
be correct, for although no trerds were large, they

were sigunificant.
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These workers concluded that the discharge
spectral emission type detecltor was a useful
detector, but difficulties arose due to its high
sensitivity and low limits of detection, because,
firstly, any gas chromaztographic column bleed would
effect the detector adversely, and secondly, no more
than ca. 0.1 mg. of sample could be passed into the
debector at any one time without carbonisation and

subsequent loss of emission.

(xi) Other Detectors.

1. Ultrasonic detectors.

A detector based on the measurement of the
velocity of sound was suggested by James (191), and
a practical detector was devised by Noble, Abel and
Gook (192). VWith hydrogen as carrier gas, response to
many materials, of molecular weighlt up to about 300,
is in agreement with {theoretically predictable values.
Response is linear up to about 5 pér cent.. by volume
of the carrier gas, énd the linear dynamic range
extends over five orders of magnitude, bubt expensive

ancillary equipment is required.
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2. Sorptiothermal detectors.

Sorptiothermal detectors have been used by
several workers (193, 194, 195). In the simplest
arrangement,a thermocouple is buried in a plug of
charcoal at the column exit and changes in tempera-
ture, caused by adsorption and desorption of eluted
components,are recorded. Detector response is flow-
rate and temperature dependent, and is non-linear
with resﬁect to sample size. It ié not satisfactory
for quantitative analysis without extensive calibration,
but because of its simplicity and éheapness it is a
useful qualitative device.

3. Electrolytic conductivity detvectors.

Organic mabterial eluted from a column is
combusted in oxygen and dissolved in water, the
conductivity of which is conbtinuously moq}tored
(196,197,198). The response of such detectors is
linear over a reasonable range, and calculable on
the basis of carbon content. The detector can be
made specific for halogens and sulphur, and for.
nitrogen (199). Clearly, the mebthod is destructive
and quantitative results can only be obtained 1if

gualitative informabtion is available. \
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4, Coulometric detectors.

Coulometry can be used for quantitative
detection, the amount of material being calculated
from Faraday's laws. A non-selective detector
requires the'pyrolysis of all materials to carbon
dioxide, which is then passed into a coulometer (200).
Several selective coulometric detectors have also
been described (201, 202). These detectors are used
extensively in the United States.

The combustion (reaction) coulometer (203) is

)

a

e

tevice for quantitative analysis,in which the
coulometer cell output is maintained at a constaﬁt
level,by feeding to the cell an amount of oxygen
eguivalent to that which is used during pyrolysis.

The amount of oxygen is thus a measure of the amount

of material combusted. Response is therefore calculable
and linear with respect to concentration, provided

that The materialsvunder analysis contain only
carbon,hyérogen and oxygen. The detector does not
respond to walbter, and quantitative results can only

-

be obtained when the qualitative nature of the samvle

®

is known. YWithin these linifations, the detecvor

offers a means of obtalining cusntitative data, without
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the necessity_for calibrasion. A detector based
on the same principle of operation, the hydrogen
coulometer, has also been described (204).
5e Brunel mass detecltor.

irect weighing of components energing from

[

]

the gas—chrométograpbic colunn has been used as a
means of detection (205,206). Colunn effluent is

fed into a smail vessel, containing activated char-
coal, which is attached to an automatic recdréing
electromicrobalance. Components.are guantitatively
adsorbed by the charcoal, giving an integrzl response,
wnich is a direct measure of the weight of"maberial
present. Absolute quantitative analysis is thus
achieved without the need Ifor calibration, and
without the knowledge of the qualifative nature of

the material (207). The sensitivity of the detector
is of the same order as hobt-wire detectors, butb

has the outstanding advantage thalbt guantitative
information is obtained directly from the chromatogranms,
irrespective of chemical species(208). Thée detector
can be used directly as a quaantbitative device and

as a means of calibrating detectors of unpredictable

response., The apparatus can be used for the analysis
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of gases, including the permanent gases, but requires
calibration.,

Ionisation gauges (209,210,211, 212) have
been used as gas—chromatpgraphic detectors, but
response is unpredictable and is impaired by deposits
on the electirodes. Gas-flow impedance (215), surface
potential (214,215) and dielectric constant detectors
(216, 217, 218 and 219) have also been described, but
do not offer advantages over the more commonly used

4

detectors for quanvitative organic analysis. Dielectric
constant detectors are useful for ﬁérmanent gas
analysis(220).

The jet stream detector (221) is a simple device
wvhose response depends on the difference in density
between an analytical and refercnce gas stream.

Zlectrochemical detectors specific for cexrtain
elements or functional groups, have been described
(222, 223).

A detector baged on the titration of méterials
eluted from the column was first used by Hartin and
James for the quantitative determination of fatty acid
mixtures (224), amines (225) and pyridine homologues

(226)., The detector has the advantage that it is
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cheap (227,228) and gives excellent guantitative

results, but is obviously limited in its applicability.

Conclusions

The katharometer is not satisfactory for
quantitative work with nitrogen as carrier gas, and,
even with helium,calibration is desirable.

The flame ionizablon detector has a wide linear
dynamic range, but does not have a predictable
response for all materials., It is nevertheless an
excellent detector for-quantitatiﬁé work. The flame
thermocouple detector offers no advantage over the
flame ionization detector for quantitative analysis.
The cross—section detector gives excellent quantitative
| results with hydrogen as carrier gas, but insufficient
evidence has been published for it to be assumed that
it i1s free from anomalous behaviour.

The Martin gas density balasnce is very satisfact-
ory for gquantitative analysis and the Gow-Mac version
is an excellent device requiring minimum calibration.

The microwave excited emissive detector, however,
appears to be by far the most sensitive detector

available. Its linear dynamic range is in the region
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of three orders of magnitude, but apparently, according
to the available information, it has an unpredictable
response.
An overall summary of the detectors described
ié given in Table IV (230).
| Pable IV,

THE PERFORMANCE OF NON-SPECIFIC DETECTORS
Limit of datection

- - Linear Predictable
Detector gs~!  millimoles ml=! dynamic rangs response

Katharcmeter .. .- . —_— 10—¢ nRarrow x
Flame ionisation .. .. .. 10-11 10-13 108 many counipounds
Flame thermocoupie . . — 10-¢ 108 some compounds
Flame photomeater, .. .. — 10— DATTOW X
Argon--macro .. .. . 10-13 10— narrow X
Argon-—micro .. .. .. 10-12 10-14 narrow X
Argon—triode .- .- .. 10— — 108 X
Helium .. .. .. .. 10-1 10-18 108 X
Cross-section .. .. . 10-¢ —_ 10¢ v
Electron mobility .. .. . 10~ —_ 10° X
Gas deasity: 2artin .. .- -— 10-¢ wide vy

Gowvr-dMac .. .- 10-7 10-% 10° v
Gas volume T .- — 10-¢ wide Rve
Ultrasonic .. . .. .. -— 10711 v 168 v
Sorptiothermal - .- — 10-8 — X
Piczo-cloctric .. .. . —_ 10-8 102 X .
Conductimelric .. .. . —_ — wide v
Reazction coulometer .. .. — 10-% wide <
Mass detector .. .. ‘e — 0-5 pg >10t v
Discharge spactra .. .. .. 10— — 102 X
Photo-tonisation .. .- - 10-12 — 108 —_
Ultraviolet absorption .. e = 10-1 wide X
Yonisation gauge .. .. .. — 19-3 10% X
Gos-flov irapedance .. .. — : 10-* — —
Surface potential .. .. .. — 10-8 — X
Dieclectric consiant .. . — — — -
Titration .. .- .- . — 03 g equiv, wide A/

4/ Response predictable.
X Response not predictable.
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Project Outline,

The object of this project is to improve and
extend previous studies of the use of the micro-
wave excited emissive detector for the chromatography,
as described in the inbtroduction to this thesis.

It was felt that none of the previous conbtrib-
utions thoroughly investigated the experimental
variables of The system,and none appears té use a
system in which both the gas chromatographic apparatus
and the nicrowave detector are operated under optimal
condiltions of pressure. Additioﬁaliy,no detailed
investigations of the effect of discharge pressure on
enission characteristics have been made. ﬂ

Probably the greabest problem assoclated with
this type of detector is the selection of the wave-
lengths at vhich to monitor the emission from the
elvate. It is not clear from any of the §;evious
publications whebther, for example, there is a
difference between the best wavelengths for quantita-
tive measurement and those for qualitative studies.
In addition, it has not been established that the
same wavelengths can be used for all classes of

compound containing the same element.
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The first part of this study attempbs to
establish the best experimental conditions for the
detection of some sulphur compounds,eluting from
a gas chromatographic column under normal gas Tlow
conditions and entering a microwave excited plasma
at low pressure. Also an attempt is made .to evaluate
the emission spectra obtained for various classes
of sulphur conteining compounds. This was undertaken
because;up to this point, the only information
relating to the detection of sulphur species appéars
ih the original publication (182),in which the C=S
system with a band-head at 257.6 nm. was identified;
and a subsequent paper (188) in which a series of
culphur atomic lines around 550 nm, were used for
quantitative purposes.

Following this, electrodeless discharge tubes
(229) of the coumpounds being investigated were made
and used as wavelength standards for. subsequent
analytical studies and evaluation of the detectvor.

The second part of the study is concerned with
the developement of microwave excived emissive detector
which can be operated at abtmospheric pressure,and the
devection of a wide range of organic compounds and

sases using this detector.
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Chapter T,

The Fv11uat10n of the Experimental Parameters

associated with a Low Pressure Gas Discharge

Initially, a low pressure gas. discharge systen
vas used as a microwave excited emissive det sector
for gas chromatogranhy. The use of this type of
system was 31ggestod parscly by McCormack's preliminary
studies (18?), and partly as a logical ex tenolon of
the work previously done in this department on
microwave excibted electrodeless discharge tubes (229).
In this detector system, it is necessary to be able
to introduce a steady, continuous flow of sample vapour
'(suitably diluted Qith carrier gas) into the low
pressure region, where it will be excited by the‘
discharge, and subseguently alléw the establishment
of the optimal working conditions of the detector. The
sample, having passed into the low pressure gas
discharge, is fra"mented in the microwave field and
the resultant species are excited and caused to
giﬁe out characteristic emission lines and bands.
The apparatusvused to achieve this situation
is shown in Pig. II. This system can be divided inbo

three sections;
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(i) the section up-stream of the vent (V), which produces
the continuous flow of the carrier gas plus sample
vapour of the required conceantration, (this being
infinitely vaeriable by use of the diluent line)

(ii) the microwave scection,which provides the discharge
and

(iii) the detection system,which monitors and records

the light emission from the discharge.

(L) The sanmple dilution syshem.

The carrier gas entering the system was initially
split into thfee streams. The gas flow rate along
the first line (i) was controlled by the needle
valve N and maigtained constant by the f£low controller
¥.C. The line (iii) merely supvlied a further gas
pressure recuired for the operation of this flow

controller. The regulated gas flow was then passe

through the.sanple in either of the "bubblers" (Sq or
Sg) and a constant concentration nixture o sanple

in tThe carrier gas resulted. The sanple reacning the
detection system could be altered by switching‘
"oubblers” with the system of taps shown.

If ©his mixture proved to be too rich in

sample vapour (this conbtingency will be discussed
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later), the diluent line (ii) was used. This line
allowed varying amounts of »pure carrier gas Ho be
added to the mixbture downstresam of the "bubblers”,
This was achleved by opening or closing the pregsure
cdntrpller P; the amount of gas added being shown
on gauge G.

If on the other hand, the mixbture was too
lean in saaple vapour, the sample in the ”bubblef“
could be warmed with a heating mantle to increase
it s vapour pressure.

The ven%ing systen V2,was used to clear the
pipework between the "bubbler" and the microwave
system of vapour before switching to a different
sanple. This was done by passing carrier gas from
the diluent line through this section after closing
the taps to the "bubblers".

(ii) The microwave sysbem.

The gas mixbure produced in the sample dilution
system was at a pressure above atmospheric, and at
this point it must be introduced into a systen at
low pressure (ie. below ca. 30 torr). In order to

do this, some form of restriction must be incorporated

into the system. The most convenient way to achieve
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this was bto include a snhort length of stainless
steel capillaxry C into the pipework. The sample
mixture then built up behind the capillary and was
gradually drawn through into the microwave system,by
the reduced pressure on the downsbream side of the
capillary. The resultant pressure build-up was, how-
ever, not advisable as it threw unnecessary strain

on the pipework and couplings of the sample dilution

N

system. In order to overcome this, a vent Lo atmosphere
(Vﬁ) was provided. In this way, some of the sample
passed out of the system, thus relieving the pressure
build-up,and the remainder was sucked into the micro-
wave system. The vent used was a viece of stainless

. : N VA o

steel pipe with a 8 external diameter; this was
found sufficient to relieve the-pressure without
being large enough to allow air ©o be sucked back by
the vacuum pump,into the microwave system.

The vacuum necessary to provide a sbtable plasma
in the discharge tube,was maintained by a conventional
two-stage rotary vacuun pump and was measured with a
Speedivac (baromebtrically compenséted) vacuum gauge
vhich registerad from O to 40 torr. The final

pressure regisbered was dependent on the length and
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diameter of the capillary, and as such,different
restrictor= were necessary for different pressures.
It was found that ca. % in, length of 20/1000"
dianeter stainless steel capillary provided a pressure

in the discharge tube of ca.#0 torr. In order to

achieve pressures below this,it was found most
convenient to couple a short length of this capillary
tube to the vacuum system,and flatten one end with a
hammer,until thé required pressure vas indicated on
the vacuum gauge.

The detector tube itself consisted of a ca.
6 in. length of transparent quartz tubing (gg. 8nm.
bore with ca.?l mm. wall th ickness). Quartz tubing
was used because it is transparent to radiation
down to a low wavelength (ca.190 nm,), and the
dizmeter of the tube was selected because work
previously done in this department (230) suggested
that the most stable low pressure discharges would be
achieved under these conditions. This was subsequently
substantiated by the comparison of various diamster
tubes.

The dischdrge tube was situated centrally in the

)

microwave cavity. The choice of the cavity used was
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made in order that maximum sanple fragmentation

could be achieved,together with the survival of

a maximunm population of molecular species. This

latter condition was required because molecular species
provide a better qualitative determination of the
sasple than the corresponding atomic species. The
reason for this is that a species such as CS

identifiéa in the plasma (ie. a region in which

radical recombination isvhighly unlikely), indicates

not only the presence of atomic carbon and sulphur

N

n the samplé, but also a double bonded linkage
betweenﬂthem ie. C=3., The same is true of all
moleculaxr species (eg. 02, Ci, 82 etc.), and consequently
evidence is obbtained not only of the elemental
composition, but also the bonding structure of the
sample.,

The two conditvions reguired dictated That a-
cavity of intermediate efficiency was needed;
consequently a 1/4-vave foreshortened radial line
cevity (Slectro-liedical Supplies Ttd., Hodel 211L)
vas selected. This type of cavity (shown in Fig. III
ﬁogether with the discharge HSube) is cylindrical in

shape (ca. 2 in. in dianeter and ca.l in. thick), has
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a tuning probe offset and parallel to the dischaxrge
tube, may be air cooled through a suitably placed .
tube,and also possesses an adeguate Vlemmnb aperture
at right.angles to the discharge tube. A 1/4-~ wave
Evenson —-type cavity (E.i.S. Hodel 254L} was used
in those cases when it was necessary to supply pow
more efficiently to the discharge, either when atomic
emission "was required or wvhen a particular sample
was difficult to fragment.

The cavity selected was used in conjunction
with an E.K.5. HMicroton 200,in order to produce a
discharge. This instrument is a 2450 HMiz,high

frequency generator,

;iving a meximum power oubtput

3]

of 200wattse. The discharge was initis

EJ

ted using a high
frequency vacuum tester and was finely adjusted for
maximum stabilitj, maximum intensity and minimum
reflected power using the Ttuning probe on the cavilty.

-

When a sanple was introduced into the low

pressure gascous discharge it was fragmented,

conseguently, if organic compounds were used {as in

was vnresent(ie. i7 +the proporbion of gample vapour in

the carrier gas was too high) it was deposited on the

nis Droject) free carbon was formed, and if sufficient
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walls of the discharge tube. This resulted firstly,
in a drastic drop in the intensity of the emission
reaching the detection system, and secondly, in the
microwaves being partially absorbed, leading to a
lower power discharge. In addition to this, if the
carrier gas/sample mixture was too rich, there will
not be sufficient carrier gas to support a gaseous
discharge and the source will be extinguished.
Consequently, in the interests of nexinmum efficiency
of the system, it was necessary to regulate the
concentration of sample mixture o give maximum
emissioh with minimun carbonisation (this will be
discussed laver). It is for these reasons that
the sample dilﬁfion system was developed.

(iii) Detection system.

The detection system used in this section of the
work was a 1 metre spectrograph with a diffraction
grating blazed at 576 nm., a minimum spectral band
width of ca. 18 and a photo-clectric readout system
from a photomultiplier (R.C.A. I.P. 23 type — response
characteristics are shown in Fi&. IV) onto a Honeywell
recorder. The viewing aperture of the microwave

cavity was connected to the entrance slit of the



~-62-

Ficure IV,

The response characteristics of an R.C.A,

I.P.28 photomultiplier tube.
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spectrograph by a light-guide consisting of ca. 4 in.
of transluscent silica tubing. Both the entrznce
and exit slits of the spectrograph were set at 0.1 mn.

Experinental,

The sample selected for the determination of the

optimal working conditions of the microwave excited

emissive Qetector was carbon disulphide. This compound
was sclected because of its high vapour pressure; which
makes the prepafation of the sample plus carrier gas
mixture easy, and becausc its enission, being brignt
blue, is easy to detect visually.

The carbon disulphide was putc into one of the
bubblers'(Sq). The taps A, B, C and D, and the needle
valve (W) were closed and the pressure controller (P)
vas fully dpened. The carrier gas inlet pressure was
adjusted to 10 psig., thus the pressure recorded on the
gauge (G) was similarly 10 psig. A restrictor (C),
sufficient to give a pressure of ca. 5 torr in the dis-
charge tube, was coupied in to the line; this pressure
vas initially chosen because it corresponds approxinately
to that used in a typical electrodeiess discharge tube
(229). This situation meant that only pure carrier gas fron

the diluent line reached the microwave system, thus a
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discharge could easily be produced using a vacuun
tester.

The needle valve (¥) and the ﬁaps A and B were
then opened and the pressure controlier (P) was
gradually closed. This allowed sone of the carrier
gas to bubble through the carbon disulvhide in the
bubbler. The mixture produced, after the addition of
the diluent carrier gas,then passed into the discharge
tube, and the blue emission from the sample gradually
replaced the emission from the pure carfier gas. The
pressure in the diluent line was gradually decreased
until carbonization was just apvarent on the inside
of the tube. The pressure was then slightly increased,
so that maximum emission from the sample, with mininmal
carbonization was achieved. The pressure recorded on
the gauge G at this point was Ffound So be 8 psig. ie.
approxinately one guarter of the initial carrier gas

flow was passing through the bubbler.
- It was found that if carbonization 4id occur,
it was only slowly removed by running a pure carrier
gas discharge. If howeverjan air discharge was run
for a short time at a high microwave power ( ca. 100 watts);

the carvon was quickly renoved (presumably by oxidation)
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and a clean surface resulted. An sir discharge wvas
easily obtained by uncoupling Tthe microwave systen
immediately up-streanm of thé capillary, thus allowing
air to be sucked in.

It was decided arbitrarily, to monitor the emission
from the C=5 molecular species, in order vo quantitatively
study the effect of the variation of experimental
parametefs on the emission intensity from the discharge.
The emission concerned is banded and has its nmost
intense head at 257.6nm (149). It nust, however, be
remembered that the experimental'cogditioné evaluated
with this system, may only be valid for a continuous
flow of a concentrated mixbture of the sample in The

.

carrier gas, through a discharge. Consequently, they
may not correspond to those necessary to gilve maximu
sensitivity under normal gas chromatographic conditions,
in which the concentration of the sample in the carrier
gas will be very much lower. Also, the optimal
conditions may not be the same for all emission species,

and conseguently obther specles must be monivored (ez.

02 at 516.5m and C atomic at 247,.9na).
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(a) The effect of different carrier gases on the

emission intensity of the discharge.

/
~N

For this study, carbon disﬁlphi@e nixtures in
air, argon and helium were investigated. Nitrogen was
not used because ib proved difficult to maintain a
~discharge with this carrier gas alone, and when a

sample was introduced, the discharge was immediately

extinguished even at high microwave poviers (eg. 120
watts). Argon and helium, however, could be initiated
at ca.10 torr pressure without using a vacuum testér,
provided the ﬁicrowave pover was above 100 watts.
Additionally, an argon discharge could be maintained at
atmospheric pressure (and probably above) with a micro-
wave power of down to 35 watts, with no discernable
intensity increase occurreing until the pressure droppéd
below15 torr. At 50 watts, a heliunm discharge could be
naintained ﬁp to ca. 50 torr, while at this powver,

an air discharge ceased above ca. 20 torr.

Cylinders of the three gases under study were

connected in lins by means of a sjstem of taps, in

such a w2y that a switch from one gas to anotvher

i

could easily be made. Again the intensivy of the C=S

bandhead at 257.6nm was monitored; the discharge
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pressure vas maintained at an arbitrary value df
ca. 350 torr and the microwave power at 50 watts, in
order that reproducible conditions could be obtained
throughout the. study.

Firstly an air/carbon disulphide discharge was
initiated and the emission at 257 .00m was continuously
monitored. During this process, the argon cylinder
vas switéhed into line in placed of the air. The
resultant scan of intensity showed that there was a
level portion where air had been used as carrier gas,
then a sudden drop where the gas change--over was made
(probably due t6 a pressure fluctuation during change-
over), and lastly, another region of steady intensity
for the argon/carbon disulphide mixture. This latter
intensity plateau was betueen 5-and 10% higher than the
air/carbon disulphide plateau (see Tig. Va). This was,
in terms of increased intensity alone, not considered
sufficient to Justify using argon instead of air.

The same proceedure was repeated using air and
helium as carrier gases. The results (shown in Iig. Vb)
in this case showed; (i) no decrease in intenslity during

the gas change-over, probably due o the high diffusion

coefficient of helium as comparced with argon, which
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The effect of different carrier gases on the
mo ).

Pigure Va. Change-over from air to argon.
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makes the pressure fluctuation on change~over less
noticeable, and,
(ii) an intensity increase with helium compared with
air of 100% (ie. intensity doubled).

From the preczeding study it can be seen that
the use of helium as carrier gas rfavours high sample
enission intensities, relative to air and argon. In
addition:Athe clean spectrum and low background of
the helium discharge is of great advantage. Because
of these reasons, when the spectrum of a compound 1is
studied using helium as the carrier gas, the recorded
spectruﬁ can easily be reduced vo that of the
compound alone, Dy subtrécting the well-defined heliun
lines. On the other hand, with both air and azrgon, the
background spectrum of the carrier gas 1s reasonably
complicated,and thus it 1is much more difficul® to
pick out the spectrum of any compound ih these gases.
Another complication with air and argon is thet
over the region 550~ 550nm there 1s intense banded
emission, which produces the effect of a hump in
the baseline, thus naking it difficult to estimate
the intensity of sauple emission.in this region.

In addition to the low background of the heliunm
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discharge, there is one other fact associabed with
this carrier gas which must be remembered. This is,
that due to its high ionization potential,most
sauples are fragmented completely To abonmic species,
when microwave powers inexcess of ca. 75 wabtits are

hat the emigsion

ct
[ 0d
i

used. It is only below this power

from molecular species is observed and then only at

low intensity. This fact does somevhat linit the

qualitative aiV&ﬁt&SSSFOf this detector, but
ultimately,hovever,this lack of banded emission should
prove to be an advantage, since much greater sen sitivity
should be available using the atomic lines,due to the

concentration of zll of the light energy into emisgsion

~

of very small band width. This Type of sensitivity
increase is well illustrated by the comparison of
atonic-adsorption and -fluorescence spectroscovy with

molecular adsorpbion spectrophotometry,

(b) The effect of discharge tube internal dian

CA
o)
H

a1
1

For this study three different sige ollng
tubes were used as vhe devector;2, 4, and 83& boxre
tubes each with 1mm wall thicliness. The most apparent

dllferonco seen was in the length of the discharge; the
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narrower the tube, the longer the dischargé. The

results obtained at 50 watts power were;

Tube bore (cm) | Lengbth of discharge (cnm) | Volume of discharge
0.8 ca. 2.5 ca., 1.26 cc
0.4 ca. 6.0 ca. 0.75 cc
0.2 ca.12.5 ca. 0.39 cc

It can b?‘seen that the volume occupied by the
discharzge is not constant, this is because as the
distance from the centre of the cavity increases,
the effect of the microwaves ig decreased, and hence

become less able to stimulate a 4di

s

scharge over a long
distance.

From a practical point of view, the increase in
length of the discharge with decroase in the bore is
a disadvantzge, this is because the only effective
part of ‘the discharge (from the quantitative point of
view) is that which can be seen by the recording
system. Hence the longer the discharge, the more
difficult it becomes to collect all of the emission,
and, although this can be done with a system of
focusing lenses, no advantages (eg. intensity

increases) are likely to be forth00d1n Hence it is

far more conveunient to utilise a discharge from which
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the emission can satisfactorily be collected, by

the monochromating system, without the added complication
of a light collection system. On These grounds, it

wvas decided that since the 8 mm bore tube produced a
convenient sized discharge, it should be used for-

the forthcomihg studies.

(ec) The effect of microwave pouer on intensity.

For the purposes of this investigation the
microwave power was varied from 20 to 150 watts in
10 watt steps. 20 watts provided the lower limit,
since below %his a discharge of the mixture of carbon
disulphide in helium could not be sustained.

In addition to monitoring the power output
of the microtron, the power reflected back from the
cavity (after optimisation for minimum reflected power
by finely tuning the microwave cavity) was followed
using an E.M.3. Reflected Pover Meter. The relatbion-
ship between these two values is shown in the Fig. VI,
and by using vhis graph the actual power supplied
to the discharge can be found.

When the C=S bandhead at 257.6nm was monitored,
it was found that the emission intensity increased

to a plateau between 45 and 65 watts (as registered
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Figure VI. HMicrowave power vs. reflected power.
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on the microton), and theréafter began to decrecase.
This is shown in Fig. VII. The reason for the
intensity increase between 20 and 50 watts was due
to increased brealkdown of carbon disulphide nmolecules

into C=5 species; the intensity plateau obbtained
indicates a steady state of naximum breakdovin to these
molecular species; and the invensity decrease at
higher péﬁers is probably due to furbher breakdow:

of C=5 species to C and S atomic species. This latter

effect is more marked with helium carrier gas than
with either argon or air, because of its high
ionization potential.

In order to verify this breakdown sequence, the

C and S atomiorémiSSions at 247.9nm and 190.0nm
reépectively, were monitored as the nmicro-wave power

was varied. As expected,the intensity of both showed

n int

.

a continuous increase nsity up to 150 watts, as

[¢)]

shown in ¥ig. VIII. Above this, measurements became
difficult because of the high btackground noise.

For further verification,a study was made
of The 62 species (emitiing at 516.5am). It was
found that the results obtained were sinilar to

those for C=5, with the excention € she plateau
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Figure VIIT, Emission intensity vs. microwave power.
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occurred between slightly higher powers (ie. 50 to 70
watts), as shown in Fig. IX. This indicabtes that +the
02 species is more sbrongly bonded than the C=S,
but is otherwise as expected, since, at high powers
C atomic 5p¢cies rather than Cgvmolecular speéies‘
~should exist.

From these observations it is apﬁarent that
the opti&ﬁm microwave power for molecular speciés
(ie. C=S and 02) is ca. 50 watbts, while for atomic
species the highest power possible (dependent on
background noise) should be used - in this study

ca. 75 watts proved most satisfactory.

(a) The effect of dischargse vressure on intensity.

In order ‘o étudy this parameter, a series
of capillary rgstrictors was made which provided
a range of pressures in the discharge tube between
ca. 1 and 50 torr. Each of these restrictors was
used in turn, and the intensity of the C=S emission
(at 50 watts power) was recorded as the pressure was
altered. The results are shown in Fig. X, in which
an intensity plateaun between 25 and 35 torr can be
seen; above and below this region the intensity

gradually decreases.
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Figure X. Enmission intensity vs. detector pressure.
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As expected, a similar result was obtained
when the experiment was repeated for 02 emission. In
this case the plateau occurred at slightly lowex
pressure (between 20 and 25 torr) - shown in Fig. XI.

| The results for the two atonic species (C and 3)

proved to be %otally different from those obtained
with the molecular species. In this case,the intensity
increased gradually as the pressure in The tube
decreased. This is shown in Fig, XIT,and indicates
that complete fragmenbation is assisted by reduced
pressure. '

Additionally to the iﬂ%ensity measurenents,
the reflected power (at 50 watts) vias followed as
the pressure was altered. The reéults are shown in
Fig., XIIY, This indicates that a constant minimum

reflected power is obtained above ca. 15 torr.
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Figure XIT1. Emission intensity vs. detector pressure.
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Summary..

The optimal conditions for

fromn carbon disulphide in an 8mm bore silica

-80~

discharge tube are shown in Table V.

maximum emni

ssion

Table V.

Specieg|iiavelength |Optimal power {Optimal pressure |Carrier
CS 257 . 6nm 50 watts. ca. 50 torr A or He
02 i 5165 60 watts. ca., 22 torr A or He
C 247 .Snn 75 watis. ca. 5 torr He
S 190 .Onm 75 wasts. ca. 5 torr He
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Chapter IT.

Production and Evaluation of the Svectra of

sone Sulphur Compounds in a Flowing Systen.,

The sulphur compounds used for this study
were carbon disulphide, thiophen, dimethyl sulphoxide,
thioglycollic acid and sulphur dioxide. These five
semples were chosen as a representat ive series of
sulphur é&mpounds, because they show a cross-section

of possible structures, vapour pressures and bolling

points. These properties are shown below:

» Vapour pressure |Boliling point
Compound Structure
at 20 'C (re)
Carbon 25 o . ' LG 1C
disulphide | Cx\g 7.5 =
Thiophen U:g:] 65.2 mn 84 'C
—-— - -_ —— -— - - - - _H;C - - - - - - - -— - —_— e e e e = e e - - - -- - -
inethy 37 Na
Dimethyl _58=0 0.4 mn 189 ¢
sulvhozide H5C 2
Thioglycollic| y 2 o0 |
acid 2Y™~C00H 0.01 mm 360 'C
Seilphur | | |
dioxide 0=5=0 3.9 atn. ‘ -10 'C
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In addition to these, the svectra of helium, argon

and air were recorded, in order that the carrvier gas

JAb]
.

emigsion could be recognized in the sample spectw

&

Also,carbon dioxide,n-hexane and acetone were sgtudied

e

to agsist in the identification of the emission
from carbon, oxyzen and hydrogen species.

The apparatus used is shown in Fig. II,and the
nethod ofﬂproduction of the carrier gas vplus sanple

b hy

mixtures has already been discussed; it should,
however,be mentioned that in order o produce
suffic ently'concentrated nixtures of dimethyl

sulphoxide and thioglycollic acid in the carrier gas,
it was necessary to warm the compounds (to ¢2.100' C)
in the bubblers, with an electrical heating mantle.
In the case of sulphur dioxide, the require@ mixture
was produced by conneciing a cylinder of that gas
via a "I piece, into vhe carrier gas line. The
uction heads of each cylinder
were taen adj usted o give The necessary gas mixsure
at an ovo%all pressure of 10psig

The sanple mixbures vere bthen nassed into a

dmCﬂ&;:C of The pure carrier gas at %0 torr,and the

svectvra fron 700 to 220nm were recorded with the
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spectrogranvh slits set at O.1mm. A slow scan speed
(ca. 10mm per 1 min.) was used in order to obbtain
naximur resoiution; under these circumstances,the
sodium "d" lines (at 589.6 and 589.0nm) could be
complétely resolved, 1pd1ca ing a resolution of
_g; 5 R

Helium.

K]

Phe spectrum of helium consists almost completely
of atomic lines, and all of those recorded in
Candler»(QBﬂ), wivh the exception of those at 108.30
and 108.29nm, were identified. In addition to these,
some band emission in the visible region was obtained,
tut this was prpbably due To air or obher impurities

(eg. water) in the helium. The spectrum of heliunm
in the continuous flow sysbhbem ié shovn in Fig. IV
Argon,

This spectrum proved to be quite complex,

)]
cr

with an inbense band system between ca 7)‘)0 and SDOILilo
1
/1

All of the lines recorded in Candler (231) were

identified in the flow-spectrum which is shown in Fig.iV,

Ead

The spectrun of air shoved no major differences

fron that of argon.
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Argon svectrunm in the continuous
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Carbon dioxide.

~ 17 ~

A majority of the emission observed for carbon
dioxide was directly attributable to CO enission,
with some coantribution Ifrom 02 and C atomic species.
The Angstrom CO systen was very intense, congisting
of a sexies of single-headed bands degraded to the
violet between ca. 660mm and 410nm, with major band-
heads at‘SOS.O, 551,0, 483.5, and 451.1n1. The Swan
series of 02 eriission appeared around a major vand-
head at 515.5nm,as single-headed bands degraded to the
violet; the minor heads were at £6%.06, 558.6, 475.7
and 471.5nm. Although this systeun overlapped the
Angstrom series,the resolution of the bands was
sufficient to allow easy identification and separation
off these systems. Another 02 system was observed
centred ercund 235.2nm, with otheéer major peals at
410.2 and 530.7nn.

Acztone and n-hexanse.

The salient features of the emission fron both
of these compounds were very similar, both producing
a greenish-blue discharge. The major emission species

were:
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C atomic at 247.9an.

CH at 43%1.4mm. - band degraded to violet.
02 at 515.5nm. and 385.2unm,banded systen

as described for carbon dioxide.

OH at 306.4mm -~ band degraded to red,with
ovther neads at %06.7, 307.8 aand 3083.9nm -~ only

observed weakly in n-hexane.

Sulphur containing conpounds,

The following types of enmission were found to
be common to all of the sulphur compounds investigated.

(1) Sulphur dtomic.

Two lines at 190.0 and 191.4nm., appeared
weakly in all of the sample spectra, the ratio of
intensities of the 10,0 to 191.4nm line remained
consbtant at 2 to 1 -~ see Fig., KVI. This emission 1is

not,hovwever,suitable for analytical purpcses,vecause

2

most photomultiplier tubes do nov respond particularly
well in this region. No background emission was
observd at these wavelengths when only helium was

flowing through the system,or with acectone or n-

hexane; indicating that interference in this rezion

i

O]

would be minimal. The pres ence of these sulphur

lines was confirmed Dby the examination oif scaled
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microwvave excited electrodeless discharge tubes for
sulphur and sulphur dioxide (see Chanter III).

-

(ii) C,_band systen peaking at 516.5am.

This system ( as described for carbon dioxide)
was observed with every carbon-containing compound
examined, but was not,of course,observed in sulphur
dioxide._?his emission, shown in Fig. XVII, was one

of the most intense in all of the spectra,and could
thus,probably bé used in all cases for gquantitative

analysis.

(iii) C;S band system peaking at 257.5nm.

"This system (shown in Fig. XVIII) was apparent
in all of the carbon-sulphur containing conpounds
examined except for vhioglycollic acid, which was
suspected of being too stable, under tThe conditlons
used, to be fragmented to this species{ This was
suostantiated by increasing the microwave power
to the discharge to 100 wabtts, when some weak CS emission

ns

0]

ok
o

bacare avparent. The enmission was guite in R

and,although it varied considerably from compound Lo
conpound (being strongest for carbon disulphide), it

could probadbly be used for both gualitative and

[T

quantitative analysis.,
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and the 002 emission at 337.0nm (149),and in the
second, the CN series with band-heads at 3%0.9,
388.%3, 387.1, 386.2 and %85.4nn.

(b) Additional emission in the thiophen soectrum.

A1l of the additional emission recorded for
carbon disulphide was apparent in the thiophen
spectrum, and in addition, molecular bands vere
observed between 410 and 426nm,consisting of five
separate bandheads at 427,425,424 ,425 and 426nmn. This
particular system was unique to thiophen amongst the
sulphur compounds, and was very difficult to identify
although, as 1t can be seen in carbon dioxide, it
could be part of the co™ Comet-tail series(149).

A Turther system occurred for thiophen between
522 and. 5O4ﬁL§ agin this was unique to this compound,
although a similar systen was apparent in the spectra
of acetone andn-nexane. This emission is probably
attributables to the Swan system of 02 species (see

carbon dioxide).

(ec) Additional emission in the thioglycollic acid
spectrum.,

This spectrun resembles that of thiophen rather

than any of the other sulphur compounds, although the
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intensity of many of the emission bands was much

reduced (probably due to incomplete fragmentation).

o

The most intense enmission occurred betueen 335 and

340nm (¢f. carbon disulphide) and 350 and

§

nm
(possibly the CN Cyanogen Violet Series).

(a) Additional emission in the dimethylsulphoxide

spectrum,
This compound gave rise to a very characberistic
spectrun with intense, banded systems around 298nm

(possibly 80, emission), between 325 and 41nm

~

(ef. carbon disulphide) and from %48 Lo %60nm
(cf. thioglycollicvacid), all of which were common
to the other sulphur compounds studied. In addition,

;w0 unique bands were observed between 500 and 580am

&

thit

RN
3

and between'587 and 408nm. The first of Tthese n
well be the Second Positive series for N2, while the
second is almost certainly a continuation of the
Cyanogen Violet (CH) system, another section of
which was observed between 348 and 360nm (gsee above).
Apart form bthese emnissions, dimethylsulphoxidé
proved to be the only sulphur compound in which the
sulphur atomic lines near 550mm{as used by Bache and

Lisk(ﬂS?,ﬁBB) could be seen, and then only very weakly.
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Figure XX. ©5=0 emission from sulphur dioxide

in the contiuous flow systemn.
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(e) The spectrum of gulphur dioxide.

A typical intense S=0 Band system, shown in
Fig.XX,was observed over the range from 250 to 420nm
and this constituted the majority of the emission. All the
bands were single-headed and degraded to the red, and
the most intense band-heads occurred at 327.1,316.5
and 306.4nm. In addition to this,a very strong line,
which did not appear in any other spectrum studied,
occurred at 255nm. Identification of this line did

not prove possible,

All of the information obtained from the spectra

of the compounds in a microwave excited discharge,

e
0

summarized in the following Table,



Wavelength |0S, | 80, | T.P | TGA | DHS | CO, A | H |He
(nm) o
190.0 M 1 M P
19.5 14 W W
247.9 W M P S Pl W
255,7 M
259,5-265,0 M
282.0-289.5| M M 1M M P~y | K-S MW W
296.0-301.5| W v W 15} M-S | M-S PV W
303.5-322.2| S S 8 S S S H | M |M-S
326.0-3%3,5| M 1 W M-S | M-S P P |P-W | P-U
%3%%.,5-345,0| S v S v v M Wwls |i-s
352.,0-%73.0 |M-W | W 5 S* v: | M-S M| M
56%.5-384.5 S
380.5-392.0| 8 v S v M-S| S
384.5-408.0 M-S
408,0-424,0 M-t/
411,0-426,0 |P=V | P-V | M-S | P-U M-S W1
5.25,0~L44, O P-t | M-8 t | M| w-n
4l ,0-46%,0| P P Y- P P P|W
46%.0-478,0 M-S S-V S | W
487.0-525.0| P M-S | P P v | v | W
557.,0 M M P | P ]
560.0 J5i M P | P-u
562.0 W 15 ol %) U P | P-U
562.0-574.01 M W 5i G M P |P-W| P
497.0 W M P S W
P - possibly W - weak M -~ medium S - strong V - very
*

+

3
ti v

- thiopnen

TGA - thioglycollic acid
- dimethylsulphoxide H -~ n-ventane He - helium

- strong line at 43%2.0nm

- 359.5nm line relatively nuch stronger

A -~ acetone
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Flame Emission Spectra.

The flame emission spectra of sulphur dioxide
water, carbon disulphide (10% mixture in methanol)
and thiophen(a similar mixture) were studied,in
order ©o ascertain if there was any similarity between
the spectral behaviour of sulphur compounds in flames
and microwave excited discharges. For comparison
purposes,and for ecase of identification of bands;the
emission spectré of methanol, acetone and water wvere
also recorded.

Fpr this study a Unlcam SPOO0OA flame-emission
atomic-absorption spectrovhotometer,fitted with an
BT 96013 photomultiplier and a standard rectangular
alr-acetylene burner head,was used.

Methanol, acetone and n-hexane.

These three compounds were introduced into
a nivrogen~-hyirogen diffusion flame, using nitrogen
as the nebulizing gas, and,throughout the study,the
enligssion measurenents were made Jjust above the burner
head, in the coolest part of the flame le. the cenbre
temperature ca. 280'C and outer teﬁpérature ca. 800'C
(232). The only background enission from the flanme

alone was a snall amount of OH emission around Z00.4nm.
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The enission spectra obtained when methanol
and acetone were aspirated into the flame were very
similar, consisting of CH (431nm), 02'(516.5nm) and
OH (305.4nm) enmission, on top of a coanbtinuum exvending
across allof the spectrum (ie. 400-600nn). The only
spectral difference was in the intensity of the OH
and CH emission,which were more intense for acetone.
The emission from methanol is shown in Fig., X{I. The
emission from n-hexane was sinilar to vhat of acevone
except that the OH emission was reduced almost to the
background level of the flame alone.

Sulphur dioxide waver.

When sulphur dioxide water was introduced into

the flame, the emission obsernved consisted mainly of
S2 emission; which could be seen as an intense |
Dlue colour restricted tb the cones of the flame. This
82 emission,vhen recordsd, apveared as a strongly
banded system between 2060 aad 440nm Q‘as shown in

Fig. IXII ~with a build-up to maximun inten w81ty at

the central 38%nm band. In addition to this there was
intense enission from OH,but no SO or CH enission

~could be observed.
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PFigure XXI. ZEmission from methanol in a nitrogen—-

hydrogen flame.
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Figure XXII. Sz'emission from sulphur compounds

in an air - hydrogen flane.
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Carbon disulphide.,

Carbon disulphide was made up as a 10% solution
in methanol and when aspirabted 1nLo an air-hydrogen
flame gave an intense purple colour. The emission
consisted mainly of 82 emission (again only in the
cones of the flame) as shonn in Fig. XXII., Predictably,
OH emission was apparent, and the whole system of
bands waéwsuperimposed on a large continuum stretching
throughout the visible region (ie. 570 to 250mm).

Thiophen.

Thiophen vas treated similarly to carbon
disulphide, but no emission attributeble to this
comround, 1or i§stance 82, could be seen; the spectrun
consisted of a'cbntinuum down o ca. 500nm. This
lack of emission was attributed to the incapacity of
the flanme to fragment thiophen.

From this work, then, it appears that the flame
enmission spectra or the sulphur comapounds under study,
in general,bore 1little resemblance to the microwave
excited spectra., The two main differences being the

L3

predominence of §, cnission and the absence of atonic

emnission in the flane; %

-

ne reverse being the case in

the discharge.
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It was concluded that the only specural areas

in the microwave excited discharge system worthy

£

oxL

further study were the C=5 (257.6nn) and C

2

(516.5nm) banded systems,and to a lesser extent

the C atomic (247.9nm) emission, since these wvere

present in nearly all of the sulphur containing

compounds investigated,and appecred as quite intense

emissions.

f;

of the sulphur conpounds in the

given in the following Table:

The salient analytical features of

flowing

the svectra

systen are

S(atomic)nm | CS nnm onm | Other bands nn
Carbon disulphide | 150.0,121.5 |257.6| 516 | 335-340,382-391
Thiophen 190.0,191.5 | 257.6| 516 | 335-340,410-426*
Thioglycollic acid | 190.0,191.5 516 | 555-%40,550-5%50
Dimethylsulphoxide | 190.0,191.5 | 257.6| 516 | 360-380,387-4087

Sulphur dioxide

190.0,191.5

250-1420, 2551

* Bandhead at 421, 423, 424, 425

o+ . . .
Bands characteristic of

'Bands characteristic of

and 426nm characteristic

dinethylsulphoxide.

sulphur dioxide.

of thiopaen.
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Chapter ITII

Microvwave Iixcited Electrodeless Discharge Tubes

containing Organo-sulphur and-phosphorus Compounds,

| Microwave excited elecbrodeless discharge tubes
(hereafter called E.D.T.s) containing carbon disulphide,
thiophen, dimethylsulphoxide, thioglyéollic acid and
sulphur dioxide were prevared. These tubes were used in
order to verify the inTormation previously obtained
from the discharge spectra of these compounds in the
continuous flow system, and also to provide wavelength
standaxrds for the emission species observed.

BE.D.T.s consist of small bulbs of silica ( the
-dimensions of whichAwill be descrived labter), containing
a very small quéntify of The required compound and &
low pressure of filler gas; in the examples éescfibed
hefe, helium at ca. 5 torr. The prepared tube is then
placed in a microwave cavity, and,by excitation with
a high frequency spark (from a Tesla), the filler gas
is ionized and a discharge results. This diécharge is
maintained by the microwave field and,due to the intense
heat generated by this field, the sample comoound is
nelted or vapourised. This process is accompanied by

intense ionization and the molecule breaks down Lo a
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variety of Iragmnents. These fragments emit radiation
by electronic exciﬁment and this is characteristic
of the original compound. Consaquently, these E.D.T.s
provide an intense and reproducible source of any
required radiation.

The major importance of these tubes for this
project was that they provided sources of molecular
enigsion observed in Tthe continuous flow system eg.
CS band emission, which were readily available and

~ 7t

easlily used. onsequéntly, the bandhead of any
required emission series could be precisely pecked
out and then set on the monochromating system, with-
out having TS0 use the complex co;tinuous £flow equivpnent.
Additionally, aé the emission spectrum of a compound
in the flow-system could often be coaplex due to
impurisies (eg. air leaks in to the low pressure
systenm) and variable due to pressure fluctuations,
these tubes provided‘a convenient method of studying
organic spectra. Thus,an idea of the spectrum of
sample compounds under continuous flow conditions
could be easily obtained. Consequently, once the
standiard source vas available, the most sensitive

and selective enission regions could be quickly found
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and then the dynamic system monitored in these regions,
in order to sive detectidns under gas chromatographic
conditions.

In addition to the sulphur compounds mentioned,
E.D.T.s of some phosphorus compounis were p?eﬁared,
as a preliminary to further work envisaged; also those
of sulphur, chlorine, argon and nelium were made for
~comparison purposes. HMercury and iron E.D.T.s were
also prepared %O use as wvavelength guides for the
spectrographic work. The phosphorus compounds used
were; phosphorus tri- and penta-chlorides, phosphoryl
chloride, phosphorus, tri-nethyl, tri-ethyl and
tri-butyl phosphates and tri-methyl phosphite.

The prevaration of organic T.D.T.s.

The general preparation of organic ®.D.T.s is
similar to the proceedure adonted for the production
of atomic svectral line sources, which have previously
been reported for most elements (229). However,
because many of the compounds under study were liquids,
pure anhydrous samples had to be used and a method
devised for introducing them into the tTube.

The silica envelopes, as shovn in Fig. AAIII

werqprepared from 8mm bore vransparent tubing with
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Figure XXIIT,Electrodeless discharge tubes.

)

Unsealed EDT blank

U

)

Completed EDT

a wall thickness of 1nn. These envelopes were made

by constricting the tube such that a bulb of'length

ca. 6cm was forﬁed; thus giving an approximate sealed
volume of 5cc. This so called "blank" tube,was then
connected into a vacuunm line, pumped down To a pressure

of ca. 1 torr, and "

degassed" by heating to red
heat. This latter process cleaned the inner walls of
the tube by expelling all of the occ luded gases.
The "blank" was then cooled; renoved from the vacuum
‘line and the liguid sample introduced using a T0pl

Hamilton syringe. Approximately 2 pl of the sample was

placed in the bulb and care was taken not to allow



- =106~

any of the liqﬁid to come into contact with the walls
of the constriction, which subsequently formed the
seal of the &.D.T. The "blank" was then replaced on
the vacuum line and flushed out several times under
reduced pressure with helium, in order to ensure that
no air remeined in the system. Finally, the bulb was
evacuated again to remove a majority of the sample

and also to obtain the necessary operating pressﬁre
of ca. 3 torr, and was sealed. By using this
technigue it was possible to guard against the
developement.of a high pressure within the bulb
~during operation. This pressure build—up'caused by
the saumple vapour, if a large aliquot were used,
would prevent the B.D.T. from lighting.

A similar procecdure vias employed for The
production of E.D.T.s from gasecous samples (ie. sulphur
dioxide), except that in this case a few cublc centimebers
of the sanple were introduced under pressure into
the tube,before the final pressure adjustment and
subgsequent sealing.

Yhen solid samples were employed (ie. sulphur)

a few milligrams were introduced into the "blank",

(¢}

and the sample was warmed o degas it. A majority of
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the sample was sublimed out of the .tube before it
vias sealed.

When the E.D.T.s wefe prepared under these
conditions, they could be operated at 2450 lHz
(from a Hicroton 200 ) in either a Z-wave (E.M.S. Hodel
210L), a %—waﬁe foreshortened (lModel 211L) or a
w—-vave (Model 214L) cavity at powers up to 40 watts.
Because of the thermal instability of most organic
compounds, the tube lifetime was limited and found
to be dependent on opérating power ‘ie, the higher the
power the sh&rter the lifebime. Below 40 waitts there
was little change in the spectral output over a
period of constant running in excess of 20 hours,
and the stabiliﬁy at the principle enission peaks

-+

showved only a 2% intensity fluctuation over one

4

hour, when operated in the —wave foreshoftened
cavity, whiéh was ravoured for this »nroject - refer
to Chapter If

The. shelf life of these tubes was foﬁnd to be
as good as that of the corresponding inorganic sources
(229) and even after several months withoutb use,they
could be initiated immedigtely and without difficulty

giving no decrease .in intensity. In fact tubes prepared
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two years ago are still in use.

The Spectrosraphic Study of the E.D.T.s.

All of %he meD.T.8s prepared vwere run in a
i-vwave cavibty at a microwave povier of 40 watts;
the reflected power in all instances being ca.5 watts.
The emission specltra of cach tube, including those
of mercury and iron as wavelength guides, was
recorded‘asing a Hilger Large Quartz Spectrograph on
Kodak B10 photographic plates. The slit width throughout
was 0.025nnm, and the sources were placed ca.10cm frox
the entrance slit of the spectrograph.

Oﬁe plate was produced for each tube, and on
this,various exposure btimes were used, in order to
ascertain the cdrrect one for maximun ﬁhotographic
resolution. These optimal exposﬁre times are recoxdied
in Table VI.

Using these exposure btimes, two pholtographic
plates vere produced for each series of tubes; suiphur
containing ¥.D.T.s on one pair of plates, phosphorus
containing ones on the other. The first plate in cach
case, was exposed over bhe spectral range from 600
to %00nn. and fhe second from 300 to 220nm; the region

covered by each plate varied because a prism instrument
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Table VI, Optimum exposure times for the organic E.D.T.s

Sulphur series Phosphorus series
Plates 1 & 2 Plates 1 & 2
Compound Time(sec) Compound Time(sec)
Mercuxry , 20 Hercury 20
Helium 20 Heliun 30
Sulphur k %0 Chlorine 150
Carbon disulphide 75 POl 150
Thiophen 120 PCl5 150
Thioglygollic o0 P0015 240
acid Tributyl 150
Dimethyl— ‘ 90 phosphate
sulphoxide Triethyl 120
Tron 30 phosphate
' Trimethyl 120
phosphate
Trimethyl 120
phosphite
Phosphorus 180
Tron 50’
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was used, and this resulted in a crowded wévelengﬁh
scale at the red end of the spectrum due vo its
characteristic non-linear dispersion. Becaﬁse of the
insensitivity of the B10 photographic emulsion above
Qﬂonm, only the more intense emissions above this
wavelength were observed,

The wavelengbth of the emissions recorded on
the platéé vere ascerbained by comparison with the
standard spectra in Brode (231),using bthe iron and
mercury lines on the plates as the wavelength guildes
and the helium lines to indicate the emission due
to the filler Zas. Following this, tentative
suggestions were made as Lo the species producing
the particular emissions, using Pearse'and Gaydon (149)
for reference.

After evaluation of the spectra, it was found
that the cyanogen spectrum was prominent in all cases
where <The coﬁpound conbtained carbon. The formation
of these ON species must be attributed to the nitrogen
present in the carrier gas (the level is quoted by
the manufactures as 10 to 20 vpm), since there is no

nitrogen in any of these compounds. Another source

of this impurity is the air abvsorbed in the sauaples
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used to make the E.D.T.s. The nitrogen impurity also
accounts for The pfesence of sone N2 emission in
most of the spectra recorﬁed. The H2 emission is
part of the Second Positive Series, which consists of
close triple-headed bands degraded to the violet; a
fairly obvious series of bandheads at %80.5, 375.5,
5577, 55?.1 and 315.9nm was also apparent.

The presence of oxygen in the carrier gas
(quoted as less than 100 vpm), and impurities in
the samples nay zlgo account for the CO and PO spectra
observeq where none would be expected.

Fvaluatction of Spectra.

(a) Sulphur compounds.

sul@hur compounds studied gave very similar spectra,
with peak emission intensitvies abt wavelengths corres-
ponding to the C=5, Sg, C atomic and CN species
being the most significant.

C=5 emission.

These bands appeared in the spectra of all of
the sulphur compounds with the obvious exception of
elemental sulphur. They consisted of close double-

headed bands all degraded to the red. The band
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sequences were fairfly oﬁvious at 266.3, 262.2, 260.6,
257.6 and 247.7nm, the head of the (0.0) band ab
257 .7nm. being tﬁe most outétanding.

B, _emission.

This appeared in all of the spectra, including
as expected, elemental sulphur. The bands are
degraded to the red, although some also have a fainter
head to ;iolet (indicated by an asterisk*). The
system consists of.extensive, roughly equally-spaced
bands which stretch throughout most of the visible
region of the spectrum (ie. 620 to 270nm). The emission
is apparent in the recorded srpectra in band at 295.4%
and 282.9%nm.

C atomic emnission,

This emission, which occurred at 247.%nm was
observed in all of the sulphur compounds with Tthe
exception of the elemental sulphur.

CH emission.

This emission is represented by part of the
Cyanogen Violet System; this can be seen in the spectra
at 421.5 and 388.3nm,both degraded to the violet,
which are recorded (149) as the most intense band-

heads in this series. Additionally,a band-head was
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observed ‘at 394.5nm which was dezraded to the red;
this proved to be the most intense member of the
tail bands of this series.

S atomic emission.

The two lines at 120.0 and 191.5nm were not

observed because the spectra were not recorded past

220nm, .

The most prominent bands and lines observed
from the sulphur containirng E.D.T.s are listed in

Table VII,

(p) Phosphorus compounds.

The most significant structures apparent in
the emission from the E.D.T.s of these compounds
were CO, PO, C atomic and CN. As observed above,the

spectra were very similar.

CO emission.

The CO emission appearing in the phosphorus
compounds was: |
439.%nm - in tri-methyl, tri-ethyl and tri-butyl phosphates.
412.4nm - as above,

249.0mm -~ as above plus phosphoryl chloride.
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Table. VIT. Sulphur Compounds- FPlates 1 & 2.

82 032 Thiophen TGA DO Species
none 421.,5b 421.5b 421.5b | 421.5b | CN 421.6b
406.0 406.0 406.0 L06.0 406,0 02 406.8b
400.0b | 400.0b | 400.0Db 400.0b | 400.0b N2 %99.8b
394,91 | 394.9r 394..9r 294,92 | .394.9r | CN %94.5r
none %88.0b %88.0 388.0 3588.0 Cl 388.%b
none 5%6.9b $%6.9 %%6.9 %3%6.9 N2 257 .10
none “315.9b 315.9 %15.9 515.9 N, 315.9b
none 31%.7b | 313.7 31%.7 51347 N, 313.6D
none 297.7b 297.7 297.7b 297.7 N2 297.6b
none none 296, 2 296.2b none N2 296.4b
none none 295,%b 295.2b none N2 295.%b
295.5r | 295.5» none none none 82 295 .4
28%.0r | 28%.0b 28%.0Db 283%.0Db 28%.0b 82 282.9r
none none none none 270.0x Cs 269.4r
‘2‘6§>_.Or ‘2653.014' 265.0r 266.0r | 266.0r | OS 266.3r
none 262.0 262.0 262.0 262.0 CS 262.2r
none none none 252.0 none CS 258.9r
none 257.0r 257.0x 257.0b 257 .0x CS 257.5r
none L7 .5a 247 .5a 247 ,5a 247 .58, C 247.9a
none 242.4b 242.4b 242.4b 2@2.4b Cs 247.3r
none ouiy I | 247,77 247.7 247 .7 CS 247 .7
none 258.5b 258.5b 258.5b 258.5b N, 2%8.2b
none ? ? 259.9b none NO 23%7.0b
none ? ? 2%6.%b none N2 235.5b
none 231.7b 231.7b 251.7b 257.7b NO 23%1.8b
none 228.5» 228.5r 228.5r 228.5r N2 229.0r

b - degraded to the blue.
a - atomic line.

r - degraded o the red.
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21%.4nm - as above plus phosphoryl chloride.
297 .8um ~ in all samples except vhosphorus, and

phosphorus tri- and penta-chlorides.

28%,.,53mm — similar to 297.8nm.
266.4nn - similar to 297.8nm.
257 .5nm - similar to 4%9.%nn,.
A1l of these bands were degraded to violet except . 257.5nm.

The first two bands are part of the Angstron
system, which is a progression (from 412.4nm %o
higher wvavelengths) of bands with strong single-heads
degraded to violeb. The next four bands are part of the
Third Fositive Series, which consists of a progression
of five strong bands (in the spectrum recorded the
330,6nn head was missing) with five close subheads.
A veaker progression of bands of a similar type
forning the 5B group can be seen in the spectra as
the bands around 266.4n. The last band - 257.5nm -
is the most intense and highest member of vThe Cameron
Series, which is a series degraded to the red and each
band congsists of five close heads.,

CN emission.

This was very similar to the corresponding

emission for the sulphur conbtaining compounds, but
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the bandheads are_only apparent at 394.5nm and
388.%nn.

C atonic emission.

The line at 247.9nm,as expected,was only
observed in the four carbon containing phosphorus
compounds (ie. tri-methyl, tri-ebhyl and tri—bufyl
phosphate, and tri-methyl phosphite).

PO emission.

Three bands appeared in the spectra recorded
for the organo-phosphorus compounds, at 247.6, 246.2
and 259.onm. They were degraded to the violet, the
bands being double, double-headed and the sequences
vere falirly well marked,

This series consists: of the strongest bands
in the ¥ - PO emission systen.

P atomic emission.

The P atomic emission lines appear at 255.5,
255.% 255.5 and 25%.4nm,but because the resoluvion
of the spectrograph was only of the order of &4 8,
these tvo pairs of lines were observed as two single
lines at 255.4 and 253.5nm.

The most prominent emission observed in the phos-—

phorus containing E.D.T.s is listed in Table VIII.
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Table VIII. Phogphorus Compounds Plates 3 & 4,

P TMPOB TMPO4 TEP04 TBPOQ Species
none 452.4b 452.4b 452 .40 452,40 N, 452.5b
none none 4.%9,0b 439,0b 4£39,0b CO 439.%b
none none 422,2b 4.22.2b 422,20 CO 422.4b
%295.0| none none none none CN 394.,5r
none 288.4b 3288.4b none none CN 388.%b
none %80.6b 380.6b 380.6b 280.6b N2 380.5b
none 375.5b 375.5b none none N2 375.5b
none 570,90 370.9b none none N2 371,10

none 541,8b 241.8b 241.8b 341.8b | PH 342.0r
none 548.8b 54:8,.8b 448,80 248.8b CO 349.%b
none 31%.5b 315.5b 31%.5b 31%5.5b CO 313.4b
none 506.4r 206,40 306,41 206.4r OH 306.41r
none | 297.8b 297.8b 297 .3b 297 .8b cO 297.7b
none 28%.3b 28%.%b 283%,%b 28%.35b CO. 283.3b
none 266.4b 266.40 266,4b 266.4b CO 266.5b
none 257.5r 257451 257.5r none co 257.5r

255.4 | 255.44a 255.43 255.4a 255.4a | P 255.5a

P 255.3%a
25%.51 253.5a 25%.5a 25%.5a 25%.,5a | P 253.6=
- P 253.,4a
none 247, 8a 247,848 247 ,8a 2477 . 8a C 247.9a
none 241.6b 2@2.6b 242.6b 2%2.6b PO 247.8b
none 246,20 246.2b 246.2b 246,20 | PO 24.6.4b

none 258.7b 2%8,7b 238.70 258.7b PO 2%8.8b
none 2356410 none 236, 4 23641 NO 257.0b
none 255,01 25% .81 25%,8r 23%.8r N2 233, 4.
none 2324 | 232.47 2524 2324 | PO 2%2.1Db
none 231.1r 251 .1 251.1r 2511z N2 231.5b
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Phosphorus compounds - Plates 3 & 4.

Table VIII (conb.).

P POCl5 PCl5 ' PCl5 Cl2 Species
none 412.2b 412.2b none 412.2b CO 412.4D
%395.0 | 395.0r none none none CN 394.5r
none none none 4388.4b none CH %88.3%b
none none none none 580.6b N2 580.5b
none | none none none 375.5b N5 375.5D
none none none none 370.90 N2 371.1Db
none 341.8b ? none none PH 342,0r
none ~| 348.8b none none none CO %49,3%b
none 515.5b none none none CO 313.4b
none 306,41 306,41 30041 300,41 OH %06.4r
none 297 .8b 297.8b 297.8b 297.8b CO 297.7b
none 28%.%b 28%.3b 283.3b 283,30 CO 28%.3b
none 266.4b 266.4b 266,4b 266.4b CO 266,5b
255.4 | 255.44. 255.4a 255.4a | none P 255.5a

P 255,32
25%.5 | 25%.5a | 25%.5a | 25%.5a | none P 253%.6a

P 253.4a
none none none 247 . 8a 247 . 8a ¢ 24%.9a
none none none 242.6b none PO 247.8b
none none none 2456.2b none PO 246,40
none 258.%7b 258.7b 258.7b none PO 23%38.8b
none | 236.4r | 236.4r | 236.47 | 236.4r | NO 237.0r
none 25%.81 .7 ? ? N2 23% 4
none 2524 252.41 23524 none PO 232.1r
none | 231.1r | 231.1r | 2%1.1r | 231.1r N, 2%1.5b

b - degraded to the blue.

atomic line.

r - degraded to the red.
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Evaluation of the organic E.D.T.s using an

SPY00 Spectrophotomeber.

This investigation was undertaken to ascertain
the type of emission response which could be expécted
with the type of monochromating system normally
used fof gquantitative analytical work. The same
spectrophotometer was employed in this study as was
employed for the investigations of the flame emission
from sulphur compounds. Scans of the most characteristic
and intense emissions were recorded, so that those
most satisfactory for the analytical applications
of the gas chromatographic emissive detector could
be determined.

Sulphur Compounds.

The most characteristic emission observed in
the microwave excited emission spectra of the organic
sulphur compounds were C3, C atomic, S atomic and
02. The CS emission was studied by scanning the
wavelength region between 270-250nm, and the resultant
scan for each E.D.T. is shown in Fig. XXIV. The
appearance of the CS band in this region is of close
double-headed bands degraded to the red; the sequence

is fairly obvious,and the head of the (0,0) band
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at 257.6nn. is very outstanding. The major peaks
appear at 269.3, 267.7, 266.%, 262.2, 258.9,257.6,
253.9 and 252.3nm. |

This system appears quite plainly in all oflthe
sulphur compounds with the exception of elenental
sulphur, but the distribution and shape of the systen
is best defined in carbon disulphide and dimethyl-
sulphoxide. See Fig. XXIV.

The 02 emission was studied by scanning the'
region from 500 to 530nm., and is shown, for all of
the E;DZT.S in Fig. XXV. In every case, the 02 peak is
well-defined at 516.5n1.; the band in guestion being
the most intense (ie. the (0,0) band) of the Swan
Series; which ap?ears as a system of single-headed
bands all degraded to the violet.

The Cvatomic line at 247.9nm. is also well-
defined in all cowmpounds containing carbon.

The characteristic sulphur atomic lines at 190.0
and 191.4nm. appear in all of the sulphur comvpounds
sfudied. In all cases the S atomic emission was
approximately equal in intensity, and the ratio of
the 190.0 to the 191.4am. line was constant at 2 to 1.

A typical example of this emission is shown in Fig. XXVI.
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Figure XXV, 02 emission from the B.D.Ts,
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In addition to the emission species already
mentioned, 82 emisSianoccurredstrongly in the
elemental sulphur tubes,and consisted of a very
extensive, roughly equally spaced system of bands,
all degraded to the red; which extended from 600 to
270nm. A typical section of this system is shovn

in Pig. XXVII.

Phosphorus Compounds.,

The two major types of characteristic emission
expected from this series of organic E.D.T.s, were
PO and é atomic , and this , indeed, proved to be
the case, )

The strongest bands of the PO-K system appeared
as double, double-headed bands degraded to the violet,
and they consfituted a fairly well-defined series at
255.5, 254.0, 247.8, 246.4 and 239.6nm, as shown in
Mg, ZXVIITI. This system was apparent in all of the
tubes with the exception of phosphorus tri- and penta-
chlorides.

The phosphorus atomic lines were identified at
255.5, 255.%, 25%.6 and 255;4nm., but duc Ho the

lack of resolution of the SP900, these pairs of
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Figure XXVI. S atomic emission from the E.D.T.s.

LI

139 : 192 nm

Figure XXVIL, 5, emission from the Z.D.Ts,
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lines were not resolved and .appeared as ﬁwo lines at
255.4 and 25%.5nm. These lines were present in all
of the phosphorus containing E.D.T.s, and an example

of this emission is shown in Fig. XXIX.

Conclusions.

The experimental work described in this
Chapter iﬁdicated that the E.D.T.s prepared were
intense and reproducible emission sourcesg. The operating
lifetines were good (ie. well in excess of 20 hours

continuous running), bubt not quite as good as the

inorganic atomic analogues. The shelf lives, however,
were comparabvle, and,even after 12 months without use,
they initiated iﬁmediately and wiﬁhout difficulty,
giving band intensivies comparabie with those from
newly prepared sources.

Also it can be seen by comparison of the
respective speclbra, that the emission from these
sources is very similar to that from the same compound
in the continuous flow system. This shows that E.D.T.S
provide a very real guide to the type of emission

which can be expected from a compound in the dynanic

system. In the case of the sulphur compounds all



127~

Fighre XXVITI., PO enission from the E.D.Ts.
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Figure XTX, P atomic enission from the E.D.Ts.
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of the relevant emission observed in the flow-spectra
ie. CS, 02, C atomic and S atomic was reprbduced in
the corresponding E.D.T.s. In this respect, the

only criticism which can be levelled against the
E.D.T.s is that the emission obtained from some
species in them, was occasionally more intense

than in the other system. This is illustrated by
the CS emission from thioglycollic acid, which is
readily identified in the tubes, but can only be
observed in the flow system at high microwave powers.
The reason for this is that, in the sbatic system, the
samnple remains in the microwave field, and is thus
subjected to prolonged bombardnent by microwaves; this
results in incréased fragmentation, In-addition, the
tubes give spectra which, in general terms, do nob

contain many impurities, other vhan the filler

Q3

as,
whilst the "flow" spectra, due to air leaks, have high
background in some regions and also spurious emission
peaks.

Despite these differences in the spectra
obtained, nonetheless, the E.D.T.s give a Very good
indication of the nature of emission which can be

expected from the flowing system. Consequently, for
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‘future studies involving phosphorus compounds, it
will not be necessary to run "flow-spectra", since the
corresponding L.D.T.s have been investigated. These
suggest thaﬁ nonitoring at the PO and P atomic emission

wavelength should give the most characteristic and
sensitive detections.

In view of the. reproducible spectral output
of the E:b.T.s, they can be used as reliable wvave-
length standards. Also they will find a useful
applicavion in conjunction with the emissive detector
for gas chromatography, where they will be used to
determiﬁe and presef the most intense and selective

‘wavelength regions for quantitative worke.
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Chapter IV.

N

The Tow Pressure HMicrowave Ixcited Emissive Sysbtem

as a Detector for the Gas Chromatogravhy of Sulphur

Compounds.,

The previous investigations were concerned with
the determination of the most important qualitative
emission wavelengths for the sulphur compounds in a
microwave excited discharge (ie. in most cases CS
and C2),and the provision of wavelength standards for
the observed species (ie. E.D.T.s). This section of
the study is concerned with the behaviour of these
sulphurgcompounds under gas chromatographic conditions;
that is to say, in very lowv concentration slugs in
a continuous stfeam of carrier gas. By studying the
emission system under these conditions, some idea
of its suitability as a gas chromatographic detector
can be achieved, and its performance rclative to a
conventional detector (ie. katharometer) may be
evaluated.

For this purpose, the experimental arrangement
shown in Fig. XXX was used.

After entering the control box, the carrier

gas sbtream was split into two. The first line goes
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Figure XXX, Experimental arrangement.
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via a pressure controller (P) and a gauge (G) to
the injection block (I) of the gas chromatograph,
into the column and then to a sample side of the
katharometer detector., The second line goes via
another pressure controller (P) and a gauge (G) to
the reference side of the katharometer. By means of
these pressure controllers, the necessary gas pressures
could bemapplied to the/column and reference arm, S0
that the gas flow rate requived in each (ca. 2 to 6 1/hr)
would result. The flow rate through the column was
reproduced in the reference arm of the katharometer,
because 1t was only under these conditions that the
katharometer de?ector would gilve maximum resolutlon
and sensitivity.

The gas flow on the reference side of the systenm
was vented o atmosphere after passage through the
katharometer, whilst that from the column, which
contained the sample, was introduced into the
discharge. Under normal circumstances this sample
stream would be vented, but in this case it was
sucked through a capillary restrictor into the
emissive detector. The system used to achieve ﬁhis was

similar to that used in the continuous flow apparatus,
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and similarly contained a 1/8" diameter vent to
prevent the build;up of pressure upstream of the
restrictor., This pressure-release system was even
more important in the gas chromatographic system
than before, because any restriction of the gas flow
through the column, would prevent the developement
of the sharp, well-defined peaks necessary for
sensitivé4detection in the discharge.

The gas-chromatograph used throughout this
project was a Pye Model Series 104 instrument with
a katharometer detector., This detector was mérely
used to determine the initial retehtion data of
the system and %o monitor the results obtained on
the enmissive detecltor. As farasthe effective operation
of the emissive detector was concernsd it was
completely superfluous, in fact its effect, if any,
was debrimenbtal, since it introduced additional
dead and unswept volumes into the system.

The recommended and maximum katharometer

filament currents for various carrier gases at

increasing oven temperatures, are given in Table IX.
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Table IX. Katharometer filament currents (234).
Temp. Rec. Max. Rec., lMax. Rec. Max.
('c) | (ma) (k) (mA) (ma) (ma) (mA)

25 100 160 250 550 90 130
100 90 140 220 330 75 110
200 75 120 130 290 &0 . 100
300 | 60 %0 170 210 | 50 85
350 50 75 150 220 15 20

NITROGEN ' HELIUM ARGON

The chromatographic column initially used in
this investigation was 9ft. lengbh of 3" external
diameter copper»tubing (wall thickness ca. 1mm.),
packed under vacuum with dinonyl.phthalate on a
stationary phase of celite brick.

At first, argon was used as carrier gas at a
flow rate of ca. 21/hr. through both the column and
the reference arm of the katharometer. After condition-
ing the column with this flow rate for 24 hours at
200'C, the temperature was reduced to 150'C and the

equipment was tested (after equilibration) with

o

1F1 aliquot of a mixture of seven paraffins. A completle
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separation, as shown in Fig. XXXI. was obbtained,

5

showing that the apparatus was functioning correctly.

For the preliminary studies of bthe gas chromato-
graphic system, carbon disulphide was used as the sanple
compound, because it presented less chromatographic
problems (ie. it was rapidly eluted as a well-defined
peak) and less microwave problems (ie. it was easlly
fragmenté&); N -pentane was selected as the solvent
medium because of its relatively short refention time,
which gave a good sevaration from the carbon disulphide
on the column.

After suitable investigations, it was found
that an oven temperature of 150'C was ideal for the
complete resoluﬁion (on the-katharometér) of a 1:1
mixture of carbon disulphide in h—pentane; the n- pentane
was eluted after 190 seconds and the carbon disulphide
after 220 séconds. The peaks obtained were completely
separated, well-defined and showéd no obvious tailing.
Additionally the peaks were reproducible to within
z 0.5%. When lower temperatures were tried (eg.
100'C), Broad peaks with considerable tailling resulted,
and with higher temperatures (eg.200'C), the peak

separation (ca. 20 seconds) was insufficient to
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Figure XXXI. ©Separation of the 05 to 012 paraffins.
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prevent peak overlap.'

Using optimal oven temperatures of 150'C, the
chromatographic apparatus wag connected to the
microwvave detector as shown in ig. XXX, and a
pressure of ca. 1 torr was used in the detector.

This value was selected to ensure that a discharge
would be maintained whilst the remaining parameters
were varied and subsequently optimised. The discharge
was run at 50 watts in the 211L -~ cavity and the emission
at the CS bandhcad (ie. 257.6nm) was monitored. The
resultant retention times recorded on the emissive
detector proved to be ca. 25 seconds longer than on
the katharometer; this was explained by the extra
pipework betweeﬁ the two detectors. The peaks,
hdwever, remained well-cdefined, completely resolved
and free from excessive tailing, although, as expected,
the n-pentane peak was considerably reduced in
comparative size. The recorded emlssion trace is
shown in Fig. XXXII, together with the emission
at the 02 bandhead (ie. 516.5nm). In the latter case,
the solvent emission was more pronounced, due to its
large carbon caontent.

The trace showed two disbinct and well-resolved solvenvu



-1%8-
Figure XXII. Enission signal from a 1:1 mixture

of carbon disulphide and n-pentane at the CS and 02 peaks.
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peaks, suggesting that the solvent used was a mixture,
probably of n-pentane and iso-penﬁane. This was
verified by the comparison of the retention times

of these two peaks with those of the pure conpounds.

As both emission traces were recorded under idanbtical
conditions, the results indicated that the C=S emission
was approximately 50% more intense than the Cs. The
emission peaks were found torbe reproducible to .
within & 1% and were associated with minimal back-
ground enission from the discharge,

When helium was used as the carrier gas in
place of argon, the intensity of the 257.6nm (CS)
emission was observed to be ca. 100 times greater,
but the shape of the emnission trace remained as
before. Consequently, it was apparent that helium
was to be preferred at this wavelength. At 516.5mm
(02), however, the use of helium had very 1little
effect on the emission intensity, and overall, argon
was preferred because of its lower emission baclk-
ground at this waveleagth.

The preceeding results vwere entirely concernszd
with very concentated solutions of the samvle;

consequently, before precise chromabogranhic evaluation
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of the system could be attempted, some dinformation
was needed regarding the emission from low concentra-
tions of sample. To this end, 1pd aliquots of a 1000ppn
solution.of carbon disulphide in n-pentane were
introduced on to the column, and the distribution of
the emission peaks with increasing monochromator
slit widths was recorded. The results at the CS
bandead are shown in Fig., XXXIIT, together with those
at 02 in Pig. XXXIV, The result in both instances was
a gradual increase in the degree of overlap of
the large solvent peak on the small sample peak; this

Qverlaé being much more marked at C2. The peak
observed at 257.6nnm when n-pentane passed through the
discharge was obviously not attributable to CS
emission,'and the most probable explanation is that
the emission acﬁually recorded was the edge of the
broad CO molecular band at 257.5nm (ie. the nost
intense member of the Cameron Series). However,
irrespective of the reason, the effect was that at
the large slit widths required for the detection of
low concentrations of samples, the sample emission
" peak would be wholly ox partly obscured (devending

on slit width and wavelength) by the solveat peak,
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Fipure XXXTITII. Effect of solvent peak overlapn on

carbon disulphide emission at CS peak, with increasing

slit width.
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Figure XXXTV. IEffect of solvent peak overlap on

carbon disulphide emission at C eak, with increasing
P o) P 3

s1it width.
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particularly at the 02 bandhead. It was possible to
oVercome this in two ways; first, by lowering the
chromatographic oven temperature and/or the carrier
gas flow rate, the separation of the sample and the
solvent could be increased,and second, by prevenving
the solvent from reaching the discharge, the inter-
ference QQuld be avoided.

The first possibility,.és mentioned earlier,
resulted in broéd peaké with excessive tailing, and
since sharp peaks are desirable for low level deter-
ninations, this course of action was rejected.
Consequently, the alternative was adopted and achieved
by venting the>splvent upstream of the.capillary
restrictor. To do this, the tap (T), shown in Fig. XXX,
was left closed until the complete solvent peak had
been recorded by the katharometer. During this tine,
all of the solvent eluting from the colunn was removed
from the apparaitus through the vent to the atmosphere.
After this, the tap was ooened an the sanple was
allowed to reach the discharge. The type of result
obtained is shown in Fig. XXXV.

The additional advantage of this systen 1s that

large aliguots of solution (ie. up to ca. 10ul)
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Eigure XXXV, The effect on the emission trace

of venting the solvent.
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could be used without extinguishing the discharge,
for it is only when the solvent peak becomes so
broad that its trailing edge overlaps the sample

peak, that it ceases to be of use.

Determination of experimental parameters.

A 1000ppm solution of carbon disulphide in
n—pentane waslused for these investigations unless
otherwise stated, and the flow rate of carrier gas
was maintained at 21/hr,

1. Using argon as carrier gas.

(a) Variation of emission intensity with microwave
povier.

The pressure in the discharge btube was maintained
at ca. 1 torr and a 1pl aliguot of the solution was
used.The emission at the C5 and C2 bandheads vas
monitored and the results (obtained under identical
conditions) are shown in Fig. XXXVI and XXXVII respect-
ively. They indicate that for argon as carrier £as,
high microwvave powers are required for complete
fragmentation of the sample to molecular species.

Both graphs show a flatter area above gg. 100

watts, which indicates near maximum fragmentation of
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Figure XXXVI. DImission intensity at CS vs. microwave power.
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the sample, and suggests that ca. 100 wetts was the
opvimum pover for maximum emission with minimun
background noise.
(b) Variation of emission intensity with discharge
pressure. |
The pressure in the discharge tube was varied

——

between ca. 1 torr and 30 torr by using a set of
ca@illaréEresﬁrictors as described in Chapter I. It
was found that aithough a discharge could be naintained
in argon above 30 torr, alt pressures above ca. 5 torr
the discharge became weak and noisy. This meant thatv

above this pressure the discharge was not sufficiently

energetic to fragnent and excite the sample. The
results obtained at 257.%nm are shown in Fig. XXXVIIT,
and these show thalt the optimal pressure is less
than 1 torr. The results at the C2 bandhead were
similaxr,
(¢) Variation of emission intensity with volume of
sample injected,
Sanple aliquots of between 0.5 and 5pl were
used and the resultant emission from the carbon

disulphide at the CS and C2 bandheads was recorded.

This is shown in Fig, XXXIX and XL respectively. In
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Figure XXXVITI. Emission intensity wvs. discharge pressure.
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the case of the emission at CS, the n-~penbtane peak
did not overlap the sample peak 0 any aporeciable
extent at the slit width used (ie. 0.1mnm), consequently,
the venting system was unnecessary, thus allowing the
emission from the solvent (probably CO emission) to
also be recorded; as shown in Fig. XLI. In all cases
ﬁhere was a linear rélationship between sample size
and emiséion intensity.
(d) Variation of emission intensity with slit width.
The results obtained at the CS bandhead,which
show a linear relatvionship,are shown in Fig, XLIT,

Similar results were obtained at the C, bandhead.
In summaxry, it can be said that the conditions
necessary in an argon carrier gas for maximum CS
emission are similar to those for 02. These conditions
are:
(1) Maximum microwave power, the limit being set
at ca. 100 watts by eixcessive background noise.
(ii) HMinimum pressure in the discharge tube ie. ca: 1 torr.
(iii) Haximum sample size, the limit being set at
ca. 4 pl by the time available (100 sec.) to venv the

solvent before the appearance of the sample.
o) I
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Figure XL, Emission intensity at_C2 vs. aliquot size.
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(iv) Haximum slit width, with the limit being set
at ca. O0.2mm by background noise and solvent peak
overlap.

2. Using helium as carrier gas.

Only the CS region (257.6nm) was studied in
this section, because, as mentioned earlier, there
was no inﬁensity increase in ‘che’C2 enission when
helium replaced argon.

(a) Variation of emission intensity with.discharge
pressure.

The microwave power was arbitrarily set at
50 watts and pl samples of the 1000ppm carbon disulphide‘
solution in n-pentane were introduced into the system.
The pressure in the discharge tube was varied between
gg; 1 torr and 40 torr (this being the upper limit
of the vacuun gauge) by using different restrictors.
The result obtained is shown in Fig,., XLIIT and is
very similar to that obtained in the flowing system,
the optimal pressure being 30 torr,

(b) Variation of enmission intensity with microwave
power.

The pressure in the discharge tube was held at

—

ca. 20 vorr and 1 pl aliquots of the sample were
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injected as the microvave powver was altered. The
results obtained are shown in Fig. XLIV, which
indicates that a low pressure (ca. 25 watts) is
optimal for the determination of CS emission in‘a
helium discharge. Additionally, when the pover was
increased to 100 watfs, the emission peak ceased to
be well-defined and began to suffer severe tailling.
There aré“two reasons for the optimal value béing as
low as bthis; the first is that because helium hasa
high ionization potential, it can thus supply more
energy Lo frégment the sample than, for exanple,
argon; %he second reason is that low pressures
aid this fragmentation still further.
(¢) Variation of emission intensity with slit

width.,

The optimal 25 wattspower and 30 Torr pressure
were set, and the intensity of the emission from
1 pl of sample solution was followed as the slit
width was varied. The results, which show a linear
relationship, are recorded in Fig. XLV. In this case,
the carbon background overlap from the solvent on The
sanple peak, was not as acute as when argon was used

as carrier gas. Because of this effect, the slit
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Megure XLIV. Intensity in helium carrier gas vs. micro-
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width used, could be large ( up to 3.0mm), without
the CS peak becoming obscured as it did in argon
even at small slit widths (ca. 0.%mm ). The light
tolerance of the phofomultiplier tube, during the
time when the solvent emission occurred, imposed
the only limit on the slit width. This was, however,
overcome by venving the solvent and / or timing the
appearangé of the sample emission, and leaving vhe

monochromator slit closed until this time.

(d) Variation of enission intensity with sample

Oﬁtimal experimental conditions werec set, and
the emission in?ensity from 1 to 6 pl aliquots of
the 1000ppm solution was recorded., The results, which
are shown in ¥Fig. KLVI, show thét the three disadvantages
accruing from the use of argon (ie. peak overlap,
increased background noise and ultimate extianction
of the discharge) were overcome bto the extent thatb,
if necéssary, with helium, aliquots in excess of 6pl

could be injected into the discharge.



~156~

The study of 02 enission with helium as

cCarrier Zas.

As previously mentioned, it was very difficult
to distinguish the small amount of 02 enission from
the sample beside the intense 02 emission from the
n-pentane. In order to overcone fhis completely,
an alternative to venting the solvent, was to use a
solvent which eluted after the samples; that is, one
having a retention time greater than 500 sec., 1t
was found that ethyl acetate adequately provided this;
its retenbtion time being 550 sec. comparedAwith 290 sec.
for carbon disulphide. The chronatographic separstion
and resolution proved to be good, and the peaks were
well-defined and had minimal tailing. |

A similar result to the C5 emission in heliu@
(ie. Pig. XXXVI) was found when the effect of micro-
wvave power on emission intensity was investigated.
This is shown in Fig,., XLVII, The only difference in
this case, ig that the intensivy decrease at powers
higher than 25 watts is more marked., A typical
enission trace at 02 ig shown in Fig. XLVIII,

The change in intensity of the 02 enission with

variation of the experimental parameters (ie. discharge



-157-

Figure XLVI. Intensity in helium carrier gas vs. aliquot
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pressure, slit width and sample aliquot size),
proved to be exactly the sane as for the CS emission
in heliun.

The optimal experimental parameters, using
helium as carrier gas, can be summarised as follows'
for the CS and the C, emission as : /
(1) 25 watts microwave power.
(ii) 30 torr discharge pressure.
(iii) maxinmum sample aliguot size without extinction
of the discharge ie. ca. Zpl.

(iv) maximum slit width compatible with low back~
ground ﬁoise.

The effect of emission background from the

solvent on the emission intensity from the sample.

Under normal circumstances, a najority of the
solvent introduced into the system together with the
sample, was vented to atmosphere, and consequently,
for most determinations, The intensity of the solvent
background emission was nezgligible. However, at low
sample concentration levels, which require lafge
monocaromator slit widths for determination, this

solvent background, although small, has a significant
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effect. This is because, immediately before the
sample emission occurs, bhe intensity of the back-
ground emission of the discharge is reduced. The
sample emission signal is then superimposed on this
reduced background, and thus, the effective sample
signal in a high background discharge, will differ
from that in a discharge with no background conbri-
bution in the required spectral region., The reason for
this is shown in Fig., XLIX,

These two possibilities were illustrated by
using n-pentane and ethyl acetate as solvents. The-
n-pentane provided no appreciable background in
either the C2 or C5 revions, because it was quickly
and conpletely eluted from the column, and easily
cleared from the discharge. This was due Lo its low
boiling point and complete fragmenbtation in the
discharge. The ethyl acetate, on the other hand,
provided a large background in both spectrzl regions;
its effect in the CS rezion (de. 257.6mm) being

caused by the contribution to the emission from
the overlapping CO emission at 257.5nm. This back-

ground contribution occurred because ethyl acetate was

eluted from the column as a broad peak, and oance 'in
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Figure XLVITT. Emission trace from a mixture of carbon

disulphide in ethyl acetate.

S,

Cs,

Solvent
Solvent
Solvent
Solvent

CS,
CS

25watts SOwatts 75ch1tts |O0watts

Figure XLIX. Emission traces from carbon_disulphide_

in (a) low background and (b) high background diécharges-.

*-r-q T
Effective -
peak height
Peak height
Y
o 2 . o
Low background High background

discharge discharge



~161-

the discharge system, proved to be very difficult
to remove, because it appeared to adhere to the
silica tubing and the associated pipework. The
overall difference in the CS emission intensity due
to Ipl of 530ppm carbon disulphide solution in the
two solvents, together with the progressive effect
caused by using mixtures of these two, is shown in

Fig. ]—Jo

Analytical workings curves.

Solutions in the range from 10 to BOOQppm of
carbon disulphide in n-pentane were made up, in
order to calibrate the response of the microwave
“excited emissive detector. These were;introduced in
1pl aliguots, onto the column, énd after "cubting-out"
the solvent peak, the sanple was detected on the
emissive detector. The carrier gas used was heliun,
and the emission was wecorded at both CS5 and 02. The
calibration curves obtained are shown in Fig. LI and
Pig, LIT =respectively. Both curves‘show an initial
straight portion up to ca. 1000ppm, and after this
both tail-off. This was provably due to the inability

of the discharge to instantaneously fragment these
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Figure L. Effect on emission intensity of mixed solvent.
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 Pigure LI. Calibration curve for 05, at CS peak.
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relatively large quantitics of sample (ie. ca. 5ug).
Despite thié, these curves indicate that the
debector has a linear dynamic range of at least two,
and probably three, orders of magnitude, and in this
respect, it compares very favourably with a katharo-

never and an electron capbure detector - c¢f. Table IV.

Determination of devection limits for the detector.

Throughout this project, debection limits. are
quoted as signal to noise, 2.

(1) Carbon disulohide,

(a) At the 257.6nm CS bandhead, and under the optimal

experimental conditions previously debermined for

helium as carrier gas, the detection limit was found
to be 0.2ppm of sulphur as carbon disulphide, vhich,

10

in weight terms is 2 x 10° ‘g of sulphur in a Il

aliquot.
(b) The limit of debtection at the 516.5nm C, band-
head under optimal conditions, was 10ppn of sulphur

as carbon disulphide, or 1 x 10™8

g of sulphur in a
1pl aliquot.

(ii) Thiovhen.

e d

G‘
=
D

b}

dinonyl

.

e

The retention time for thiophen on
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phthalate column, and using the same experimentally
optimised conditions as found for carbon disulphide,
vas 540 sec. This was sufficiently long to allow
n-pengane to be used as solvent without any peak
overlap. |
(a) The limit of detection at the CS bandhead was

estinated to be not less than 1000ppm of sulphur as
6

thiophen-ie. 1 x 10" “g of sulphur in a 1 pl aliquot.
This implied that thiophen was not fragmented to
anywhere near the same extent as carbon disulphide,
under the conditions which were optimal for this
compound..

(b) The limit o? detection at the 02 bandhead for
both argon and helium carrier gases was ca. 75ppm
of sulphur as thiophen ie. 7.5 ﬁ 10_8g of sulphur
in a 1pl aliquot. This determination represenﬁed a
very considerable imprbvement over that at CS, and
this was attributed to the higher vroportion of

carbon compared with sulphur in the thiophen molecule.

(iii) Dimethylsulvhoxide.

The retention time of this compound on the column
previously used was in excess of 10 minutes, and

because this would produce too broad an elution peak,
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another chromatographic column was employed. In this
case, it was a 6:ft. x %" Porapak P column; this
packing consists of crosslinked polystyrene beads,
which is normally used without any liquid phase.

The structure of the compound is shown below;

2
2
S
2
2
D
P

‘The column was operated at 200'C with a 31l/hr carrier
gas flow. Under these conditions, n-pentane eluted
after 20 sec.,and dimethylsulphoxide after 110 sec.
When a detection of this compound was attempted
on the emissive detector, only weak emission was
observed (even at maximum amplifier gain) at CS and
C2, even for 1 pl of the pure sample. This suggested
that considerably nore microwave povier is required %o

fragment dimethylsulphoxide. As one microlitre of pure
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“compound is 1 x 10_3g, and this gave a measureable
-

peak, the detection limit was ca. 1 x 10 'g.

(iv) Thioglycollic acid.

Under the conditions used for dimethylsulphoxide,
the retention time for thioglycollic acid was 190 secc.
Using both heliun and argon as carrier gas,no emission
vas obtained from 1 pl of pure compound (ie. 1 x 1O_Bg

at either GCS or 02.

Summary of detection limits (in g of sulphur).

CS bandhead 02 bandhead
Carbon disulphide 2 x 10~ 10 1 x 1078
Thiophen 1 x 107° 2.5 x 10™°
Dimethyl sulphoxide 1 x 16—4 1 x 1077
Thioglycollic acid >1 x 1072 1 >1 x 1072

Conclusions.

The preceeding investigations have established
that the low pressure, microwave excited emissive
detector system described, can be used qualitatively

and quantitatively, sonetimes with high sensitivity.
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However, before any determinations can be made, a
great deal must first be knowvn about the type of
. spectrum expected Irom the compound in guestion, so
that the most intense emlission region may be selected.
Previous publications have tended to assune that
equal responses would be obtained for all compounds
containing the same element, or that the wavelength
df maximum intensity for one compound would be the
same as for cloéely reiated compound.s. The investigation
under-talen, however, does not substantiate this, even
in those insbtances when a carrier gas of high ionization
potential (eg. helium) is used in conjunction with
comparatively high microwave powers. One solution to
this problem, would probably be to use a fragmentation
device, such as those commonly used for the gas
chromnatography of relatively in volatile naterials,
immediately before the emissive detvector.

The sénsitivity of this type of detector makes it
a‘ttractiﬁe for further research and the built-in

selecbtivity factor undoubtedly increcases its potential.
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Chapter V.

A Modified Low~Pressure, Microwave Excited

Emissive Detector for Gas Chromatography.

The emissive detector described in the proceed~
ing Chapter, provided a useful detection system for
the gas chromatography of carbon disulphide and,
to a lesggr extent, thiophen. The sensitivity towards
dimethylsulohoxide and thioglycollic acid, however,
vas poor. This was due to a certain number of inherent
disadvantages in the systen, vhich, if overcome, should
allow Sensitive detection of these two compounds,
and aiso give an inprovement in the detéction of
carbon disulphide and thiophen.

The major disadvantages were thal;

(a) hot all of the sample eluted fromvthe sas
chromatographic column passed into the emissive
detector, some being vented Lo atmosphere. Previously,
this had been nccessary to vrevent a pressure build-
up behind the capillary.restrictor, which would
result in poor chromatographic resolubion of the
peaks. Because of this waste of sample,the detection
linits obtained wsre not as good as the technique

warranted.

s s
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(b) +the overall volume of <the deteétor tube occupied
by the plasma, was large compared with the section
whichicould be collected by the photoelectric detection
system., Thus, as there was no resbriction or
concentration of the discharge which would ensure that
all of the emission from the source was recorded, a
degree of the inherent sensitiviﬁy of the system was
lost. Also, the discharge was unstéble with respect
to small fluctuations in the pumping rabte of the
vacuun pump, walch provided the low pressure in the
detector tube. The instability was manifest mainly at
the edges of the discharge, and this dictated that,
in the interests of low background noise, only the
emission from the centre of the discharge was
recorded.
(¢) due to the inability of the discharge to supply
sufficient energy to break down the more stable
compounds previously studied (ie. thiophen, and more
particularly, dimethylsulpnoxide and thioglycollic
acid), some of the deteruinations carried out were
nov as successiul as was possible.
(d) further lack of sensitivity wvas due %o the

condensation of the less volatile compounds in the

e et e Yo
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pipework conneéting the gas chromatograph to the
emissive detector.
It was found that it was possible to improve
the sensitivity of the detection technique very
considerably, by consideration and rectification of

these points.

Modified experimenbtal arranzenent.

(i) Regtriction of the discha

H

£

oo

The detector tube was redesigned as shown in

n

Fig. LITI. 1t was fabricated, as before, from 8mm bore

sillca.tubing. 'wvo constrictions of ca. 2mm in diameter
were made in this tube, such that a bulb of ca.’cm
in length was formed, which could bthen be situated
almost entirely within the microwave field of either

a

a & - wave foreshortened radial line, or a # - wave

Evenson tyre cavity. This arrangement served to mainbain
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the discharge éompletely within the bulb of the
detector and prevent its lengthening both up-and
down-stream as previously happened. In fact, it was
only at microwave powers above ¢a.150 watfs that the
expansion of the discharge was sufficient to cause
it to spread outside of the constrictions. Under
normal power conditions (ca. 100 watts and below), this
rest:icté& discharge was found to be congiderably more
stable and intense, and since it was concentrated
within the microwave cavity, a majority of the emitted
l1ight could be directly collected by the monochromator

and be registered by the recording system.

(ii) Stabilisation of the discharse.

The instability of the discharge, which was
mainly caused by the fluctuatioﬁs of the pressure in
the detector tube, .was considerably reduced by includ-
ing a large (ca. 501.) ballast tank in the vacuum line,
downstrean of the nmicroveve system. This large, "dead"
volume, acted as a buffer against the exhaust action
of the vacuun pump, and thus smoothed out most of the

fluetuvations previously observed in the discharge.

(iii) Use of an ovptical focuging system.,

It was found that if a focused image of the
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discharge was formed on the slit of the monochiom—
ator, the signal recorded was increased by a factor
entirely denendent upon the effectiveness of the
optical system. In the system used, which merely
consisted of a convex silica lens of the required
focal length (as determined by the Iens Formula)
placed between the source and the slit, a fourfold

increase in signal resulted.

(iv) Use of a platinum catalyst in the discharge.

One of the major disadvantages of the systen
previously uéed, was the i1nability of the diScharge
tovsuppiy sufficient energy to efifect complete break-
down of the more stable compounds. This situation,
as discussed earlier, could be improved by using high
microwave povers, bubt a much greater improvement
vas obbtained when a piece of platinum was placed in
the discharge. It was found that if a loop of ca. 14/1000"
diameter platinum wire was suspended in the bulb of
the detector tube, the sensitivity of the detection
of compounds such &s thiophen, dimethylsulphoxide and
thioglycollic acid was greatly increased. The probable
reason for this was that at the high temperatures |

obtained in the discharge (ca. 1000 'C), the platinum

/
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parcially vapoufised and acted as a catalyst in the
fragmentation process, This hypothesis was supported
by the observation in the discharge spectrum, of
intense atonic emission lines at 265.9 and 306.6nn,
which were abtributable to platinum emission.

The phyéical effects observed with the platinum
loop in the bulb of the detector were:
(a) a coﬁ;entration of the discharge around the
platinum loop.
(b) the short term background noise was diminished
by approximaﬁely by one half.
(¢) at ﬁicrowave powers of ca. 50 watts, the discharge
could be initiated withoult the use of a vacuum tester.
(d) the spectrum of the discharge contéined platinun
enmission lines.

(v) Use of a + — wave, Bbvenson type cavity.

-Lb

In order to increase the microwave encrzgy Lo
the discharge, and hence increcase the fragmentation
of the sample, it was possible firsily, to increase
the microwave power, and secondly, to use a 4 - wave
cavity (EMS Model 214L). This second possibility
greatly increased the breakdoun of the more stable

¥pe cavity wvas nore

[

(o)

compounds, because tThis Zvenson

kel
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efficient than fhat previously used (ie. EMS Hodel 211L),
and consequently effectively supplied more energy

to the discharge. Therefore, this alternative cavity
should significantly increase the sensitivivy of the
détector particularly to dimethylsulphoxide and

thiozlycollic acid.

(vi) Use of the total eluted sample.

In order to use all of the samnle elubted from
the column for the determination on the emissive
detector system, the chromatbgraphic oven circuit was
modifie@ as sﬁown in Fig., LIV, This modification allowed
an increased quantity of the sample to be introduced
into the emissive detector, compared with the low
percentage used when bthe vent systen was operabive.
This oven layout should, therefore, give a significant
increase in the sensitivity obtained with this
detector. The actual design of the modified systen
required that the outlet from the sample side of the
katharometer detector was passed back inside the
chromatog*aphic oven, and a needle valve was incorp-
orated into the line, also within the oven. On the up-
streém side of this, a "T" Jjunction connected the

enissive detector and a flow-meter into the line.
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Figure LIV. Modified experimental arrangenent.
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G -~ carrier gas inlet. P -~ opressure gauges.
N - needie valves. I - injection block,
C - colunn. K - katharometer head.
T -~ on-off taps. M - manometer.
D - detection system. M/W — microwave sysbten.
H - heating wire. R - restrictor.
V -~ wvacuum gauge. B - ballast tank.
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ne oven was kept to a minimum

. .

The pipework outside t
length and was heated to appfoximately the oven
temperature (ca.200'C) with an electrical heating
wire, in order to prevent the condensation of the
less volatile semples in this section of the pipe-
work.

(vii) Arrangemcnt of retention times.

In order to achieve maximum sensitivity with

the micrbwave excited emissive detector, it was

found that the sample should be eluted from the column
in the shortest possible time, preferably in less than
9Osec. Indthis way,sharp‘chromatographic peaks were
obtained; conseguénﬁly, the sample reached the
discharge as a compact slug, and the emission result-
ing was of short duration but méximum intensity.
Longer elution times caused the emission peaks to become
less well-defined, since any tailing or peak broad-
ening observed in the chromatogravhic system was |
magnified in the microwave system, because of the
exbre pipework between them. Hence the effective
sensitivity of the emissive detector was reduced,
unless an integrating sysbtem was used to record the

enisslion peaks, dowever, having established that the
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sanple retention times should bé as short as possible,
it should also be remembered that there must be
sufficient chromatographic separation from alr and
vater (which appeared as btrace impurities in all of
the samples uéed), in order to minimise the interfer-
ence from overlapping peaks. Also the revention
times must be long enough for the sample peak to be
completei§ resolved on the emissive detector, before
- the solvent vas detected.

In order to satisfy all of these conditions,
it was found that under the experimental conditions
describéd, the ideal retention time for the sample
was between 30 and 80sec., whilst that of the

solvent exceeded this by at least 4Osec.

Experimental.

Host of the modifications applied to the original
detector system weres concerned with increasing bthe
degree of breaikdown of the sample in the discharge.

For this recason, 1t was considered that in order to
gauge the success of this operation, it was expedient
to monitor the C atomic (at 247.9nm) and the CS

emissions, rather than 02 and C3S emissions., This
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was done on the premise that_the fragnentation
process involved two stevs; firstly, the breakdown
of the sample to molecular fragments (eg. CS), and
secondly, the breakdown of these fragments inbo
atonic species (eg. C atomic). Consequently, a clearer
idea of the extent of sample breakdown would be
obtained by monitoring the intenSity variations of
the CS and C atomic species.

The experimental conditions required for
maximum emission from these two species were very
different, as discussed in Chapter I - ie. the C5
species reguired low microwave powers and a pressure
in the detector of ca. 30 torr, whilst the C atomic
species required high microwave powers and a low
pressure in the detector. Therefore, as a compromise,
it was decided to use a microwave power of ca. 50 watts
and a discharge pressure of between % and 6 torr;
this latter condition being determined by the carrier
gas Tlow rate through the column and the pumping

rate of the vacuurt pump.
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Results obtained wibh the modified system.

The apparatus used in this investigation
was the same as that described in Chapter IV, with
the exception that the monochromator used was an
Optica CI4 grating insbtrument with a linear dispersion
of 16 & Der mm.

Tthcarrier gas flow through the column and
reference arm of bthe katharometer was initially
optimised. The tap (T) to the Tlow meter, shown in
Fig, LIV, was then opened, and the necedle valve (I)
was adjusted until zero flow through the flow meter
was registered. In this way, all of the sample
eluting from the colunn passed through vhe needle
valve and was adcomodated by the pumping rate of the
vacuﬁm pump. Thus the requisite carrier gas pressure
was maintained upstream of the needle valve and the
maximum vacuum (gg. % torr) downstream, without any
restriction of the gas flow through’the system,

Prior to any determination, the tap (1) was
closed in order to reduce the dead and unsvept

volumes of the apparatus.
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Detection and deternirnation of carbon disulphide

and thionhen.

For these determinations a 2ft x %" column of
Porapak P at an oven temperatﬁre of 200'C was used.
The opbtinised carrier gas (in this instance helium)
flow-rate through the column was 21/hr; giving a
minimum pressure in the emissive'detector of 3 torr.
The solutions of carbon disulphide and thiophen were
made up in benzyl alcohol. This solvent was used
because its retentlon time was very much longer than
that of either of the samples, and thus would not
affect the detection by the emissive dctector. The

retention times obtained under the conditions

described were:

rCoal gas (ie. the dead‘time of the column ) 1%sec.
Vater . 17/sec.
Carbon disulphide _ 47 sec.
Thiophen | 85sec.
Benzyl alcohol >150sec.

It can be seen that these retention times satisfactorily

fulfilled the criteria previously defined.
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Results using a 4 - wave foreshortened cavity.

i) Carbon disulphide.

a) at the CS bandhead ie. 257.6nm.

Initially, a study was made of the effect of
a platinum catalyst on the emission inbtensity at
257 .6nm, using 150, 250 and 500ppam solutions of
carbon disulphide prepared in benzyl alcohol. VWhen
the emisé&on peaks from these solutions were measured
with and without the catalyst in the discharge, it
was observed that the platinum caused a five-fold
intensity increase in all instances. This indicated
that maﬁimum fragmentation of the sample to C3 species
could not be obtained using a 4 -~ wave foreshortened
cavity alone, and that for maximun senéitivity,
additional energy was required.

Under the conditions described, and using a
platinum catalyst a 1pl aliguot of a 0.6ppm solution
~of carbon disulphide in benzyl alcohol was introduced
onvo the chromatographic columnn (ie. 0.6ng of 082 was

injected). This sample was debected as a peak three units

1Y

high on a background noise level of %+ a unit. Thus,
defining detectlion limit as signal to noisge equal to 2,
the sensitivity obtained for carbon disulphide was

0.18ng and Tfor sulvhur as cerbon disulphide, 0.15ng.
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(b) - at the C atomic line ie. 247.9nn.

Here again an increase of fivefold in the emission
intensity was obbained using a platinum catalyst. In
this case however, the detection was not quite as good
as at the CS bandhead - 0.3%9ng of sulphur as carbon
disulphide -~ due to the stoichiometric proportions of
carbon to sulphur in the sample.

(ii} Thiophen,

(a) at the CS bandhead ie. 257.6nm.

Using 125, 250 and 500ppm solutions of thiophen
in benzyl alcohol, it was found thalt a platinun
catalysé increased the enission intensity by sixfold,
in every instance. When a Ipl aliquot of O0.6ppm solution
of thiophen in benzyl alcohol was detefmined (ie. 0.6ng
was injected ), an emission peak of two units on 4 a
unit of noise resulted. This pave a detection limit
for thiophen of 0.%ng and for sulphur as thiophen of O0.1ng.

(b) at the C atomic line ie. 247 . 9nam.

Again the inclusion of plabtinum in the discharge
gave a sixfold increase in emission intensity, and the
detection limit for sulphur as thiophen vas found to be

O.4ng.



Results using a 4 = wave Evenson type cavity.

(i) Carbon disulphide.

(a) at the CS bandhead ie. 257.6n1,

The use of this cavity in conJunction with a
piatinum catalyst, produced a decrease of 20% in the
emission signél. The recason for this was thought to be

that the ecxtra energy supplied by this cavity, was more
than was necessary for complete breakdown of the samnle
to CS species, and conseguently some energy was used to
produce further fragmentation to atomic species.

The deéection 1imit under these conditions
reflected this decrease in emission intensity and was
found to be 0.19ng of sulphur as carbon_disulphide.

(b) at the C atomic line ie. 247.%9nm.

The theory of increased "second-step" breakdown
to atomic species, as proposed above, was suvsvantiated
by the incrcase obtained in the C atomic emission when
the Lvenson cavity was used. This increase was threefold
and was again reflected in the detection limit which
vas 0.15ng of sulphur as carbon disulpnide.

(ii) Thiophen. |

(a) ~at the CB8 bandhead ie. 257.6nm.

An increase in the emission signal of 505 was
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obtained when the Evenson type cavity was used. This:
indicated that previously, when the 4 - wave foreshortened
cavity was used, even in conjunction with a platinum
catalyst, the energy available was not sufficient to
effect complete fragmentation of the thiophen to CS species.

Under these conditions a much improved sensitivity
for thiophen was possible, and a detection limit of
0.07ng ofusulphur as thiophen was recorded.

(b) at the C atomic line iec. 247 .9nm.

?reviously, before the detection system had been
modified; it had proved difficult to detect a 1Pl aliquot
of a 10§pm thiophen solution (ie. 10ng) at this wave-
length. However, with the Lvenson type cavity and the
qatalyst, a substantial sensitivity indrease resulted
and a detvection limit of 0.0%ng of sulphur as thiophen
was found. This represented a fourfold sensitivily

increase over the + - wave

o
L

orshortened cavity.

K3 L]

Advantages gmained in the deberminations.

(a) Carbon disulvhide.

The detection limits obbtained (using the # - wave

forshortened cavity) for carbon disulphide at the CS

bandhead and the C atomic line, were both improved when
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a platinum catalyst was placed in the discharge. A five-
fold increase in emission intensity resulted. Thus, at
boﬁh wavelengths the use of a catalyst increases the
sensitivity of the detector by'increasing the amount
of sample fragmentation. However, in comparison with the
detection limit achieved at the CS bandhead using the
unmodified system, the overall sensitivity increase
was only small (ie. O.2ng unmodified, to 0.15ng modified).

when the Ivenson cavity was used for the determina-
tion at the CS bandhead, a slight sensitivity decrease
(ca.20%) resulted, bubt at the C atomic line a threefold
intensity increase was achieved. This indicates that
the more efficient cavity is only an advantage vhen
determinations are conducted at atomic emission lines,
for when molecular species are reguired too much energy
is provided and further breakdown to atomic species
results.

(b) Thiovhen.

The use of a platinum catalyst increased the
sensitivity of the emissive detector to thiophen, both
at the CS bandhead and the C atomic line. The increase
in emission intensityin both cases was sixfold. This

indicated that for thiophen a catalyst must be present
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if conditions favourable to maximum fragmentation are
to be achieved. Consequently, the use of the modified
system resulted in an enormous increase in the
sensitivity to thiophen; previously the detection limit
was 1000ng, which was improved, by using the modified
system, to O.1ng. |

The use of the DLvenson type cavity also increased
the sensgfivity of the detector, again because of the
greater energy avallable for fragmentation of the
sample. The intensity increase at the CS bandhead was
50% and at the C atomic line, fourfold. |

This

=]

nvestigation shows that in order to comvletely
fragment thiophen, as much energy as possible must be

supplied to the discharge.

Detection and determination of dimethylsulvhoxide

and thioglycollic acid.

In order to obvain retention times for dimethyl-
sulphoxide and thioglycollic acid within the limits
previously specified, it was necessary to employ a
27t x 1/8" column of Porapak Q. This column packing
is identical to Porapak P except in mesh size. VYhen a

helium carrier gas flow rate of 61/hr was used con~
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Jointly with an oven temperature of 200'C, the retention

times obtained were:

Coal gas (ie. column “"dead" +time) 2 seé.
Water 4 sec.
Carbon disulphide 12 sec.
Thiophen 24 sec.
Dimethylsulphoxide S - 54 sec,
Thiogi&collic acid , ' 72 sec.
Benzyl alcohol o >120 sec.

At the higher carrier gas flow rate used in this invesbt-

igation to give sulfficiently short retention times, the

ninimum possible pressure (as defined by the capacity
of the vacuum pump) in the emissive debtector was ca.6 torr.

Results using a 4+ = wave foreshortencd cavity.

(i) Dimethylsulphoxide.

(a) at the CS bandhead ie. 257.6nm.

Initially, a study was made of the effect of a
platinum catalyst on the emission intensity at 257.6nm,
using 1000 and 100ppm solutlons of dimethylsulphoxide
in benzyl alcohol, which were introduced onto the column
in 1pl aliquots. It was found that for both solutions,
the presence of platvinum in the discharge increased the

emission signal fourfold.
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In order to determine <the sensitivity of the
emissive detector to dimethylsulphoxide, in the presence
of a platinum catalyst, a 50ppm solution of the sample was
prepared and 1 pl aliguots were injected onto the
column. The enission peaks observed were 5 units in
height on 71 unit of noise, thus giving a detection
limit of 20ng of dimethylsulphoxide or 8.7ng of sulphur
as dimethylsulphoxide.

(b) at the C abtomic line ie. 247.%nm.

At the 247.0nm peak, with a platinum catalyst in
the dischargé, the detectvion 1imit for sulphur as
dimethylsulphoxide was found to be 35ng, whereas in the
original system the detection of 1000ng had ﬁroved
impossible.

(ii) Thioglycollic acid.

(a) at the CS bandhead ie. 257.6am.

At this wavelength thioglycollic acid proved to be
extremely difficult to detect even with a platinum catalyst
in the discharge. A 1p1 aliquot of a 1000ppm solution in
benzyl alcohol (ie. Ipg of sample was introduced) was
registered as an 11 unit signal on % a unit of noisey

thus yielding a dstection 1limit of 0.0Zpg of sulphur

as thioglycollic acid. Viithout the use of platimum the
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solution uéed was completely undetectable, and it was
only just possible to register the emission from é
1Pl aliquot of the undiluted acid.

(b) at the C atomic line ie.247.9nm.

At this wavelength‘the emission from pl of the
1000ppm solution was not detectable, thus the debtection
limit was poorer than 1pg,of thioglycollic acid.

Results using a + - wave Evenson type cavity.

(i) Dimethylsulphoxide.

(a) at the CS bandhead ie. 257.6mn.

Tﬁe use of this cavity produced an increase of
2% times in the emission intensity préviously obtained.
Tpe reason for this was that the extra energy provided
by this more efficient’cavity, increased the guantity
of sample fragmented to CS species. Consequently, the
detection limit was inproved to ca. 4ng of sulphur as
dimethylsulphoxide.

(b) at the C atomic line ie. 247.9um.

An increase in the signal of sixfold was obtained
in this inétanoe, indicating that the energy supplied
by the BEvenson cavity was more than sufficient for

comvlete sample fragmentation to CS species, Consequently
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'further bréakdown to C atomic species occurred and
resulted in a detection limit for sulphur as
dimethylsulphoxide of ca. 6ng.

(ii) Thioglycollic acid.

(a) at the CS bandhead ie. 257.6nm.
Using a 1000ppm solution of the acid in benzyl
alcohol, an increase in emission intensity of three—

fold was obtained with‘this cavity compared with the
% - wave foreshortened model. The detection limit was
found to be gg.Aﬂong of sulphur as thiogljcollic acid.
(b) at the C atomic line ie 247.9nm.
Pfeviously no emission had beeﬁ observed at this
wévelength from 1ul of a 1000ppm solution, but using
this cavity it ﬁas Jjust detectable as a 4 unit peak

. on 1 unit of background noise. This resulted in a

detection limit of ca. 500ng of the acid.

Advantazes gained in these determinations.

(a) Dimethyléulphoxide.

The previous determinations of this compound
using the unmodified emissive detector, provéd completely
unsuccessful; the modified system however, provided a

much improved sensitivity. The use of a platinum cabtalyst
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at the CS bandhead; increased the emission signal fourfold
. due to its beneficial effect on the degree of fragmentation.
In keeping with the need for high energy contri-

butions to yield maximum fragmentation and good
sensitivity, the use of the Evenson'cavity improvéd
the detection limit still further. It gave an increase
of 2% times at the CS bandhead over the other cavity, and
of six times at the C atomic peak. Consequently, together
with the platinum catalyst, the emission intensities
were increased to such an extent that 4.3ng of dimethyl-
sulphoxide was detectable at 257.6nm and 6.3ng at
247.9nm; this being completely attributable to increased
sample fragmentation under these more favourable energy
conditions. “

(b) "Thioglycollic acid.

This compound proved extremely difficult to
detect, probably because it is very stable and requires
extreme energy conditions to stimulate & reasonable
amount of fragmehtation. Previously; it had proved Jjust
possible to detect the emission from a 1pl aliquot of
the undiluted acid (ie. 1000ug), however, with the
modified system it became posSsible to detect samples

in the nanogram range.
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The use of a platinum catalyst increased the

emission signals sufficiently enough to make 1pg

easily detectable, compared with the ca. BOOpg previously

necessary for detection. The use of an Evenson cavity

increased the emission by a further threefold, givihg

an overall detection limit at the CS bandhead of 9.6ng.
The results obtained bear out the premise that

in order to detect very stable compounds sensitively,

a catalyst and high energy contributions are neéessary,

in order to stimulate maximum sample breakdown.
All of the results obtained for the sulphur
compounds using the modified emissive detector system

are shown in Table X,

Detection and determination of some other organic

compounds.

The experimental arréngement was identical to that.
used for the detection of the sulphur compounds. The
column used was a 2ft. x 4" column of Porapak P,
maintained at a temperatﬁre of 200}C and with a helium
oafrier>gas flow through it‘of 21l/hr to achieve the

separation of the sample solutions.
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Iable X. Detection limits for the sulphur compounds.

Detection limit for sulphur (ng)?

Species |[Catalyst 082 Thiophen D.M.S.0. T.G.A.
2115+ | 21457 | 21114 2161t | 2111* | 2181t | 21117 | 2181t
cs No Pt |0.84P 0.67° 30.0 -4 _d
257.6om | Pt |0.15 |0.18 |0.12 [0.07 | 8.7 |#.3 |28.7 | 9.6
C atomic| No Pt [1.96 -4 .4
247.90m | Bt |0.39 |0.15 [0.39 |0.09 |34.6 |6.3 | - [500 .

* 1 - wave foreshortened radial line cavity.

+

+ - wave Evenson type cavity.

o

1pl injection, measured at maximum peek height.

o'

Previous detection limit 0.2ng.

¢ Previous detection limit 1000ng.

ol

Not detected previously at 1000ng.

D.M.S5.0. =~ dimethylsulphoxide.
/
T.G.A. - thioglycollic acid.
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Under these conditions the retention times

obtained wvere :

Coal gas (ie. column "dead" time) 4 sec,
Wiater 5 sec.,
Methyl alcohol | 9 sec.
n - pentane 19 sec.
Acetone | 22 sec.
Ethyl acetéte ' 43 sec.
Chloroform 31 sec.
Carbon tetrachloride 35 sec.

Since the retention times of acetoge, n - pentane
and methyl alcohol were too close to that of waber,
a column temperature of 175 'C waé usgd fof the first.
two (giving retention times of 34 and 25 sec. respectively)_
and of 150'C for methyl alcohol (retention time 13 sec).
In this way sufficient peak resolution was obtained.
From the spectrum of each of the cé;pounds |
under investigation (ie. those shown in the list of
retention times), the major emission regions were found
by analysing the emission from the releve nt E.D.Ts;
produced as described in Chapter III. Having established

the wavelengths most useful for analytical purposes,

calibration curves for each of the compounds between
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1 and 5000ppm were plotted. These were all.found to be
straight lines up to ca. 2500ppm, at which point the
curves began to flatten off, probably because of the
inability of the discharge to react to the large
gquantities of sample involved. Finally detection limits
were found for each of the compounds, and these together
with the other results obtained are summarised in

Table XI.

/

Summary.. o

The modified experimental arrangement described
in this Chapter, greatly improved the sensitivity of
the emissive detector particularly to the more thermally
stable compounds.~06nsequently, more respectable
detection limits for dimethylsulphoxide and thioglycollic
acid were obtained, where previously it had proved
almost impossible to obtained any emission, even from
the pure compounds. In addition, the sensitivity
towards thiophen was greétly improved, and it has also
been shown that with this detector it is bossible to
determine a wide range of colpounds using a wide range
of wavelengths. The detection achieved can under some

circumstances be selective for groups of compounds,
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provided that the emission from characteristic species
is used (eg. Cl atomic emission for the determination
of chloroform and carbon tétrachloride), and if these
- characteristic wavelengbhs are used in conjunction
with the chromatographic retention data, the detection
system becomes specific to one particular compound.

By using the constricted detector tube, the
discharge was restricted within the bulb of the tube,
This yielded an intenée and more energetic discharge
of more stable characteristics, which was concentrated
in such a way that the monochromatgr recelived ail of the
emission from it. Previously, the energy supplied by
the discharge had not been sufficient to completely
fragment some of the sulphur compounds used, but this
situation was improved by the use of an Evenson type
microwave cavity and the inclusion in thg'discharge of
a platinum catalyst.

Overall,the modifications applied to the originél

emissive detector system proved to be extremely successful.
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‘Table XI. Determination of other organic compounds.
Compound VWavelength Species Amount Effect of
of detection| wused | detected| platinum*
Acetone 385.2nm 02 0.17ng minimal "
3387 .1nm CN 0.4 ng intensity x2
378.9nm OH 0.5 ng none
Chloro 386, 2nm CN 1.0 ng none
~form , -
385.2nm 02 1.5 ng minimal
479.5nm Cl ca.z2ng none
BEthyl 385.2nm 02 0.5 ng minimal
acetate » '
587 . 1nm CN 1.0 ng ) intensity x2
51%.%nm Cco C8.2ng none
Carbon 482,0nm Ccl ca.ang none
tetra-
chloride 286.2nm CN ca.2ng none
385, 2nn 02 gg.Eng“ minimal
n~ pentand 247.9nm C 0.7 ng none
385.2nm C, ca.5ng | minimal
386, 2nm CN ca.2ng none
Methyl 479 .4nm cr* ca.lng | none
alcohol o
308.9nm OH ca.1ng | mninimal
386.2nm CN ca.sng none

* at 50 watts power in the 4 - wave foreshortened cavity.
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Chapter VI.

An Atmospheric Pressure, Microwave Bxcited Emissive

Detector for Gas Chromatography..

The feasibility of employing the emission from
an eluate in a low-pressure gas discharge as a debtechor
system for gas chromatography has been clearly demon-
strated. This type of detector was found to be stable
and sensitive, with a linear dynamic rangejof at two
orders of magnitude, but it did involve using a complexv
system for balancing.the flow raterthrough the column ’
with the low pressure in the disohafge. Although this
has been adequately achieved, a system functioniﬁg through-
out at atmospheric pressure would provide a much simpler
detection system. This was done by using anargon discharge,
which could be satisfactorily operated using the carrier
gas flow direct from the chromatographic column. Argon
was found to'be the only gas possible for the atmospheric
pressure emissive detector, since discharges in any |
other gas could only be maintained below this pressure;
at a maximum of ca. 40 torr pressure.

Experimental.

It was found that a discharge maintained in

argon could be sustained at pressures above atmospheric.
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As the pressure increased however, the discharge
became less intense and more unstable, but at
atmospheric pressure, although relatively unstable
compared witha low pressure discharge, there was no
danger of it being exbinguished even when a sample
of ca. 0.5ul of acetone was introduced. This indicated
that provided that the discharge was stabilized, it
would offer an attractive alternative to the low-
pressure helium'discharge, as a means of stimulating
emission in an eluate. -

Again, as with the low-pfessure discharge, the -
ends of the plasma were the areas of maximum instability.
In this instance, there was no solution to the problem
of comparable simpliciti to the provision of a ballast
tank in the previous system. Consequently, the only
possible answer was to increase the length of the -
discharge in order to prevent the emission from the
ends being gathered by the detection system., This was
achieved by using a narrow bore transparent silica
tube as the detector. This tube had a bore of ca. 2mm
as shown in Fig. LV,and an argon discharge maintained
at 100 watts was ca. 23" in length in this detector

tube. By using this arrangement, the stable central

/
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area of the discharge could be monitored without
the unstable ends increasing the background noise,
In addition, the use of the narrow tube appeared to
give a more intense discharge at the centre ie. in the
region monitored by the recording system.

A gas Chromatographic "cutting" system.

The solvent used in a majority of the deter-
minations previously made was benzyl alcohol, because
its long retention time allowed complete separation
from the sample and prevented any peak overlap wibh
subsequent interference on bthe emi;sive detector,
However, a major disadvantage caused by this long
retention time was that the sampie determination times
were very long (ie. ca. 15 min.), because time had to
be allowed for the solvent to be completely eluted from
the column and vented to atmosphere;befog9 another
determination could be made. The sample determination

time was greatly reduced by using the "cutting" system
shown in Fig. LVI.

wWhen 'a sample solution was injected onto the
first column (Cq), a normal chromatographic separatioﬁ
occurred, and the sample passed through the capillary

"pr piece (T) onto the second column (02). During this
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Figure LVI. Gas chromatographic "cutting" system;
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operation taps 1 and 2 were open and taps 3 and 4 were
closed; giving a conventional gas flow straight through
the complex column system; After the sample had passed
through the capillary, and before the solvent had
eluted from the first column, taps 3 and 4 were opened,
thus providing an alternative exit from the first column
through tap 4 and a different carrier gas flow through
the second columﬁ through tap 3. The sample, having
reached the end of the capillary, then passed through
the second column (02) in the carrier gas flow thfough
tap 3, while the solvent,elubing fgom the first column
in the flow through tap 2, was forced through tép 4
to atmosphere. The capillary "T" piece, placed between
the two columns, was necessary to restrict the flow
betveen these columns sufficiently to ensure that the
solvent eluting from the first column would pass out
of the "cutting" system and not onto the second coluamn.

Throughout this operation it must be remeﬁbered
that the flow of carrier gas through taps 2 and 3 must
be similar, in order to achieve identical separations
on both columns and develope peaks which were sharp
and well-defined. The length of the first column was

chosen such that the time btaken by the solvent to pass
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through it was approximately the same as the time taken
by the sample to pass through the whole of the complex,
two - column system. In this way, the overall time
taken for each determination could be reduced to

approximately the retention time of the sample.

Evaluation of experimental parameters.

(1) Effect of microwave power on emission intensity.

The effect of microwave power on the emission
intensities from various species was investigatedAusing
500ppn solutions of acetone, carboﬁ disulphide and
thiophen in benzyl alcohol. .

(a) at the carbon atomic line ie. 247.9nm.

The effect of increasing the microwave poweﬁ was
~ the same for each of the three solutions; the emission
intensity increased rapidly u§ to 100 watts and there-
after, a gradual decrease occurred. A typical example
of this is shown in Fig. LVII. Above ca. 175 watts thé
background noise became too great to allow the results
to be meaningful, due to instability of the discharge.
The graph obtained suggested that incregsed pover oniy

increased the sample breakdown to atomic species up to

ca. 100 watts and above this it merely affected the
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overall intehsity of the discharge. For this reason,
coupled with the need for low background noise, it was
‘decided that for determinations at 247.9nm, a
microwave power of 100 watts was optimal.

(b) at S atomic line ie. 191.4nm.

Again the carbon disulphide and thiophen solutions,
at this wavelength,had an optimal microwave power of
100 watts; the overall effect éf pover on emission
intensity is shown in Fig. LVIII. The sharp decreése in
emission above 100 watts was probably due to the:fact
| that another emitting species (eg.\O atomic) was beginning
to carry the discharge completely. The extgq?fof'the
decrease in emission was the same for both éémples and
was found to be a ca. 25% decrease in emission intensity
per 50 watts increase in power above 100 watts. The
maximum emission intensity for the carbog_disulphide
"solution was found to be twice that for thiophen under
identical conditions. This result was as expected
after consideration of the stoichiometries of the two
compounds.,

(¢) at the sulphur atomic line ie. 190.0Onm.

The effect of microwave power variation at this

wavelength was found to be jdentical to that at 191.4nm,
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Figure LVII.

Effect of microwave power on emission intensity

at C atomic line (247.9num).
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but the overall emission intensity was found to be only
one-fifth of the value at 191.4nm. This latter result
was not quite as expected, since in all of the E.D.T.s
studied,the ratio of the 191.4nm line to the 190.0nm
line was 2 to 1; The difference between the two systems
is difficult to explain.

(d) at the CS bandhead ie. 257.6nm.

No emission was observable at this wavelength

from the solutions of carbon disulphide and thiobhen,
) even at very low microwave powers (ie. ca. 50 waﬁﬁs).
This was probably because the conditions in the discharge
did not favour the formation of molecular ;pecieé; the
discharge being sufficiently energetic to cause complete
fragmentation of the samples to atomic species.

(e) at the C, bandhead ie. 516.5nm.

The 500ppm acetone solubtion was used in order %o
study the effect of power on the intensity of emission
from this speciles. It was found that, unlike the CS
specles, emigsion signals corresponding to 02 were
observed. The intensity of the emission signal increased
to a peak at 100 watts and subsequently decreased
rapidly. This is shown in Fig. LIX. Thus, if it is

necessary'to nonitor at 516.5nm the optimal microwave
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'power required is the same as that necessary for the other
species investigated ie. 100 watts.

(ii) Effect of gas flow rate through the discharge on

the emission intensity.

Before this investigation was undertaken, the
relationship between the gas pressure registered on
the cylinder head and the resultant gas flow rate through
the column was deﬁermined. This is shown in Pig. IX.

The optimal flow rate, with the microwave power
set at 100 watts,was found to be ca. 31l/hr for all of
the'speoies previously investigatea. Above and below
this vélue the emission intensity decreaseq rapidly
in all instances. A typical example of this is shownl

in Fig. IXI.

Detections and determinations.

The chromatographic column used throughout this
investigation was 2 ft x 1/8" of Porapak Q. This column .
was cut into two identical lengths; one placed either
end of the cépillary "T" piece in the "cutting" system,

as shown in Pig. LVI. The pressures recorded on the
gauges were adjusted with the pressure controllers, so

that an argon flow rate of 31l/hr, both before and during
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Figure LIX. Effect of microwave power on emission intensity
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‘the "cutting" operation, was applied to the emissive
detector ie. so that opening taps 3 and 4 had no overall
effect on the gas flow rate leaving the column.

A wide range of samples, each prepared in benzyl
alcohol was investigated. These samples‘inoluded sulphur-,
phosphorus—-, halogen- and nitrogen- containing compounds,
and calibration éurves were constructed for each of the
major emission sPeéies, using 1ul injection aliquots.

All of these curves proved to be straight lines over

the cqncentration ranges investigated, and these'straight
portiéns gave some idea of the miﬂimum linear dynamic
range of the detector to ﬁhe particular compound concerned.
A tyﬁical exémple of this, the oalibration‘ourve for
carbon disulphide at the carbon atomic line,is shown in
Fig. LXII. Following this, detection 1imitsvwere obtained
for all of the compounds studied at each of the wave-

iengths used.

All of the results obtained are shown in Table XTI,
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Figure LXI. Effect of gas pressure on emission intensity.
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Table XII. Results obtained with the atmospheric pressure

emissive detector.

Retention Calibration Detection
Compound Species(nm) R

time(sec) range (ppm) limit(ng)
Carbon 20 C 247.9 1-100 >2 O.16ng
disulphide S 11.4 10-750 2 2.1 ng
I -‘Tk—l:':o-pﬂén— I - T -_2—!#’?.@ 1 "1-100 [ >2 | —O:OZné )
S 191.4 | 10-1000 | >2 4,5 ng

' Dimethyl | 440  |C  247.9 | 50-1000 | 2 | 3.6 ng
sulphoxide S 191.4 200-5000 >1% 4.9 ng

" Thioglycoll 190  |¢ ~ 247.9 [1000-20000| 1% | 90.9 ng
-ic acid S 191.4 | 1000-20000 1% | 222.0 ng

" Carbon | 53 " [¢ ~ Tas7.9| 1-100 | >2 | 0.09g
tetra- CClL 481.9 [ 1000-10000 | 1 29.4 ng
chloride Cl 278.8 ca.500ng

[ Cnloroform | 31 |¢  2x7.9 [ T 4100 | >2 | 0.07ng
CClL 481.9 100-5000 >13% 1.1 ng
Cl 278.8 ca.100ng

" Chlore- | 130  |C  247.9 | T10-1000 | >2 | 6.45ng
benzene CCl 481.9 |1000-10000 | >1 60.6 ng
Cl 278.8 100-5000 ._>ﬂ%- 32.5 ng

Td-bromo- | &1 |¢ “ewp.9| 50-1000 | >2 | 0.7%ng
propane Br 470.5 | 100~5000 >1% 3,01ng

“Aliodo- | 70 [¢ T Ta2s7.9| 100-2000 | 1% | 12.5 ng
propane - I 206.2 50-1000 2 1.5 ng
[ nbutyl | 18 |6 T T247.9| T50-1000 | 2 | 10.6 ng
anine NH 33%6.0 No detn.

Tfrien- |7 726 T T[¢ T a9 T 50=1000 [T 2 | 36.3 ng
butyl P 253.5 10-1000 >2 6.05ng
phosphate PO 55.5 ca.600ng

R - Minimum linear dynamic range in orders of magnitude.
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Summary.

In most instances the detections at the C atomic
line proved to be the most sensitive; the only exceptions
being the determinations of 1 -~ iodopropane and |
tri-n-butyl phosphate; where the emission at the iodine
(206.2nm) and phosphorus (255.5nm) atomic lines gave the
best results. The overall linear dynamic range of this
atmospheric pressure, enissive detector appeared to be
at least two orders of magnitude.

In respect of this, and of the detection limits
obtained, this detector seems verj\promising. Although
it is not quite as sensitive as the low-pressure version,

and also, although the background noise was somewhat
nore, it does offer a reasonable alterhative particularly
in view of the simplicity of the design. This lash
factor is probably the most important, since, at
afmospheric pressure, there is ho need to baiance the
pressures in the emissive detector with those in the
chromatographic system, as there was in the low-pressure

arrangement. Consequently, this modified detector

can simply be coupled onto the end of a normal gas
chromatographic system, and, prdvided the carrierbgas is
argon and its flow rate is ca. 3 1l/hr, the detector will

function.’
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Chapter VII,

Conclusions and Suggestions for Future Work.

This project has demonstrated the feasibility of
using a microwave excited emissive detector for gas
chromatography. Both the low-pressure and the atmospheric
pressure systems have been shown to be sensitive, and,
in some instances, specific. This specificity depends
on monitoring the emission from the sample at a wave-
length charaéteristic of that sample (eg. S atomic or

CS molecular emission for the detection of carboh”

~

disulphide), and also on considering the results obtained
together withAthé zas chromatographic retention data.
The low-pressure emissive detector pfoved to give
the mést stablé discharge and provide the most sensitive
and reproducible detections, but the abtmospheric system
proved to be far easier to use on a routine basis,
éince the whole apparatus could be operated throughout
at one pressure. The linear dynamic range of both
versions of the emissive detector was found to be of
the order of 2 to 3 orders of magnitude.
Although the results obtained have been quite

good and an adequate detection system has been developed,

there are a number of advances which could be made to
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improve this technigue.

The first advance necessary in the emissive
detection system before it can be employed on a
purely routine basis, is the developement of a system
vhich will completely fragment any sample. In the first
instance, it must be possible to achieve maximal
breakdovn of the sample to molecular species, and in
the second, complete breakdown to atomic species. If this
can be achieved reliably for most compounds, the
detector-becomes reproducible on an elemental weight
basis. In other words, it will be possibe to predict
the ratio of emission intensities from equi-molar
solutions of a series of samples, at the same wave-
length., Thus, for example, the intensitiy of C atomic
emissioﬁ from ethanol should be twice that from methanol.
In this way, the stoichiometries of the compounds could
be determined.

There are.three.possible ways of increasing the
degree of fragmentation of the sample: |
(i) Dby use of a furnace through which the sample
stream passes, hence the eluate becomes fragmented
thermally.

(ii) Dby the introduction of a stream of oxygen into the
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.eluate_stream before entry into the furnace; in this
way, a sample would be fragmented by thermally aided
oxidation, and the‘emission from the oxides of the
fragments could be detected in the discharge.
(iii) by use of a preliminary discharge to break the
sample down, followed by the normal discharge to
excite the fragmented species.

Before any attempt can be made to produce the
maximum population of molecular species from any sample
(as opposed to the atomic speciesd;scussedabove), the
mechanism of breakdown in a discharge must be more fully
studied under all experimental conditions (ie. micro-
wave power, discharge pressure, tube size and carrier gas
used). This will show not only what path the fragment-
ation process takes in any particular discharge, but
also to what extent recombination occurs in the discharge.
Sbme work has already been done on this subjebt and it
has been adequately summarised by McTaggart (235), but
still more is necessary before a complete pictufe of
the chemnistry in electrical discharges is seen. It is
not until then, that truely predictable and reproducible
results can be expected.

Another possible line of research_is the detection
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of samples eluted from a gas chromatographic column,
by observation of the radical recombination processes
which occur above the discharge. In this way, the back-
ground noise, which limits the sensitivity of the normal
emissive detector, could be eliminated.

At present a considerable amount of work is
being applied to the gas chromatography of metal
chelates, and it is in this field of research that it
is envisaged that the emissive detector could best be
employed, since considerable sensiyivity should be
available by monitoring the atomic metal emission lines.

In the area of organic analysis, the most ﬁressing
problem is to ascertvain the reaction of the detector to
mixtures containing‘moré than two components., The degree
of success in this field depends entirelj on the
efficiency of the separabions achieved on_the gas
chromatograpb. It is necessary to be able to introduce
the samples into the emissive detector when required;
in other words, the retention times must be able to be
arranged to suit the circumstances. This has been done
to some extent by selecting the correct column and -
using the "cutting" system, but still more work is

required to be done on complex chromatographic systems,
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in order to be able to deal with multi-component
mixtures on a routine basis.

A further increase in the sensitivity of the
detection of conpounds with long retention tines ispossible'by
integrating the emission signal by photon counting, rather
than attempting to determine the sample from the peak
height of a broad peak. In this way the complexity of the
chromatographic sys em could be reduced. In order O
simplify the experimental arrangements still more, it is

possible to dispense with the monochromator and substltute

a series of interference filters, covering the spectral
ranges of interest. Thus the cost of the dgtectibn systen
will be cut substantially.

Lastly, in the field of research on organic E.D.T.s,
one of the most promising aspects could well be their
use for qualitative elemental analysis. Qyis technique
involves producing an E.D.,T, of an unknown sample, and
studying the emission spectrum from it, in order to |
identify the salient features, and hence deduce something
of the nature of the sample.

Overall then, it can be seen that there is still a
great.deal of work which can be done on the microwave

excited emissive detector and associated techniques.
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