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I. TINTRODUCTLION.

1. @General.

Hydrogen peroxide is made commercially by the cyclie
reduction and oxidation of_solutions containing alkyl-substituted
anthraquinones. Such solutions contain not only the alkyl anthra-
quinone, but élso certain oxidation and reduction products which do not
-revert to the active compounds in the'plant working solution,‘and which
thus reduce the efficiency of the plant for the produétion of hydrogen
peroxide. Section 2 examines the chemistry involved in the hydrogen
peroxide manufacturing process and‘degradation routes of fhe various
active materials. The identification and qﬁantitation of the components
of the working solution is thus of considerable significance in the -

economic production of, industrially important, hydrogen peroxide.



2. The Hydrogen Peroxide Manufacturing Process and Probable Components

of Working Solution.

2.1 Starting Materials.

The active starting material is generally 2-ethyl-9,10-
anthraquinone (EAQ) (I), dissolved in a 1:1 mixture of 'Sextate' and
'Aromasol H'. 'Sextate' is predominantly methyleyelohexyl acetate,

while 'Aromasol H' is a mixture of alkyl polyéubstituted benzenes.

2.2 The Process.

_ The cyclic process is in two stagesl’9, the reductioh'of Working
Solution with hydrogen in the presence of a catalyst,.followéd by o
oxidation by air and extraction of the hydrogen peroxide with deionised
water, (Fig;Il). The Working Solution is cycled constantly in a
continuous process, with additional materials added as necessary to
maintain the solution volume and concentration.

EAQ is reduced by hydrqgen to the corresponding gquinol, 2-ethyl
-9,10-dihydroxyanthracene (EAQHe) (II), but may be, and usually is,
reduced further. After the priméfy reduction the next major reduction
step is the reduction of one of the arbmétic rings,‘ﬁith the formation
of 2-ethyl-5,6,7,8-tetrahydro-9, 10~dihydroxyanthracene (H,EAQH,) (T11).
This compound may be reduced further.to 2-ethxl-l,2,3,4,5,6,7,8—octa—l
hydro-9,10-dihydroxyanthracene (HSEAQHQ) (IV). Both of these last-named
compounds will react with oxygen to give quinones, these beiné respect-
ively 2—ethy1-5,6,7,8-tétrahydro-9,lOfanthraquinone (HﬁEAQ) (V), and 2-
 ethyl-1,2,3,4,5,6,7,8-0ctahydro~9, 10-anthraquinone (HEAQ) (VI). These
compounds (I - VI) are main constituents of the Working Solution, but
do not oceur in solution at the saﬁé point in the cycle. lIn the stéble,
oxldised, working Solution normally used for analyses, the quinols do
not appearn having been converted to the corresponding stable-quinones.

Compounds I - VI are well-characterised main constituents of the Working
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.O 7 (ﬁ)-Hz 02 _ I]‘_I

H H (i) 02
* 0 2 (ilHy0, OH

Fig.T.1l. Main Oxidation/Reduction Cyele.




Solution, usually kept in an efficient production equilibrium with

each other by careful control of plant operating conditions.

"2.% Possible Slde-Reactlons and By—Products

Reactions other ‘than catalysed hydrogenation and aerial oxid-

ation also occur. These reactions may involve the species 0H , H%;
| Hy0, and others, for example in epoxidations, (Fig..I;E).r This gives
‘rise to series of compounds derived from.HgEAQ and HéEAQ by epoxidation
followéd by reduction, firstly of the epoxy group and subsequently of
the two 'quinone' carbonyl groups. From HAEAQ the series would.bezu

HuEAQ (V) epoxidised to HJ+ AQ Epoxide (VII), then reduction to
hydroxy-pentahydro HqEAQ (VIIT) and subsequently to dihydroxy-hexa-
hydro-, (IX), and trihydroxy—heptahydro-; (X), derivatives, (Fig. I.2).
A different reaction, namely hydroly51s, would give from HﬁEAQ

Epoxide a dihydroxy compound (XI)

H
- Hy oH o
VIl - X1

_ Another type of side—reactioh involves the reactionlof, or
ioss of, a quinonoid oxygen atom, e.g. (Fig. I.3).
Some of these compounds have been synfhesised, (Appendix A )
or isclated and have been found by polarography to exist iﬁ Working
Solution. Any compounds which are not polarograpnically active are

not directly recognisable by this technique, so that a method of



-

V | - VI

Fig.I.2. Epoxidation and Reduction of H,EAQ.




11 . 2- eth;yléxanthrone

t

0
‘O | 2-ethylanthrone
HH o

/ |

2-ethyl-9- hydroxyanthracene 2-ethylanthracene

Fig.T.3. Reactions of Quinonoid Oxygen Atom.,
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detecting and determining such compounds would be aavantageous in a
complete investigation of Working Solution composition.

Many other reactions, which occur.only at vefy low probabiliﬂies
and therefore in small amounts in a single production cyélé, could never-
theless have made a sigﬁificant contfibution to fhe overall eomposition
of the Working Solution over severai_years of cycling, many times a day.
Cne would expect small aﬁounts of compoﬁnds with complétely saturated
ring systems, or ring-opened compounds, together with compounds of the

dianthryl type, for example:-

Products from these types of reaction and others as yet
unknown contribute to the composition of the Working Solution, making
the separation and quantitation of éven the major components a very

‘complex problem.

%. Posszible Approaches to the Analysis of Working Solution.

3.1 (eneral.

A method suitable for this analysis should be. rapid and easy
to carry out in plant conditions. It should be both qualitative and

quantitative for the required components so that an equilibrium might.

-



be maintained between them by plant adjﬁstments, The method is alsd
required to be adaptable for use in trace component identification as
might be necessary for detailed studies of plant solutions.
Two approaches to the overall problem are possible:

(a) Analysis of the Working Solution without prior separation into
its components.

(b) Analysis by separatioﬁ of the components and quantitative
measurement of each component.

| Methods using both of these approaches will be discussed

individually.

3.2 Pblarography.

Many of the compounds in Working Solution are amenable to
polarographic oxidation and reduction, as they contain gquinone, carbonyl
oOr EpoXy groupings.

Polarography has been used in the.estiﬁation of the main
components of Working Solutione’? and in studies of WOfking Solution
with particular reference to compounds other than the main constituents.4
The technique has been used in quéntitativé éstimation of Working
Solution composition, but suffers from certain major diéédvantages.
_Chief of these is the difficully of resolution between the half-wave
potentials of the various components. The differential cathode ray
polarogpaphic technique5 gives overiapping peaks in the analysis of
Working Solution, and, depending on the half-wave péténtial separation,
each peak may contain more than one compound. Where these potentials
are closer than about 25mv the usefﬁlness of the resulté wquld thus be
in considerable doubt.

Another difficulty is that certain of the Working Solution
components may be electrochemically inactive, e.g. fully reduced or

oxidised stable compounds. These would be undetectable and could form

an unidentified and chemically significant part of the solution.



Polarography is thus a usable technique in connection with
the analysis required, but, with the_limitations of resblution and
requirement of electroactive compounds or ready conversion to such
activity, would nét be the technique of‘first choice. |

A partial answef to.the reéolution problem was proposed by
Russian workers6 who used a T.L.C. separation, (see Section 3.3) followed
by polarograrphic estimaticn_of the separated HﬁEAQ and EAQ. This pro-
cedure has some application, but in investigation of Working Solutions
could not give enough separation of the many compounds on the plate to
enable quantitative recovery and measurement to be made. The technique
i1s also not appropriate for quality control working under plant

conditions.

3.3 Thin-Tayer Chromatography, (TIC).

The Russian paper6 prreviously cited deseribes a TIC system to
separate EAQ from HkEAQ using a ternary methanol/h-butanol/ﬂater system
as eluant. Little other work seems to have béen published on the
compounds of iInterest, however, possibly because quantitative analysis
of mixturés of these compounds in.mixtures would require'high resolution
bétween spots, which is difficult to achievé.

Although the deveiopment of a method for analysis of the main
components of Working Solution by TLC should be possible, it is not
likely that TIC could resolve all tﬁe components. This is because of
the relatively low number of theoretical plates used in TIC separation57’8
and because of the small size of the plates ﬁsed. Quantitation is also
a difficulty with TIC and is not usually of the requifed accuracy or
.reproducibility. This method was considered as unsuitable for the

present purposes,

To be successfully chromatographed by the technigue of GIC
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the compounds to be examiﬁed must be.thérmally stable and relatively |
volatile. If these conditions are not met, the compounds will either
stay at the injection point or Will'pyrolyse and give complicated
batterns of breakdown products at the'detector. This typé of behaviouf
is of use in the identification of.unknown singlé-substances and some
mixtures, but would nbt be applicable to Working Solution analysis, as
many of the components are relatively involatile and depompose to tars
on heating, while others, for example the comﬁonents of 'Aromasol H',
chromatograph readily.

The technique has been examined&, but was found to be un-
satisfactory because of the above difficulties. Defivatisation of'the
malin components might be used to determine them in Working Solution,
but unknown compounds could not readily be iﬁvestigated using GILC. It
is thus considered an unsuitable technique for the purposes.of the

work herein.

3.5 High Performance Liquid Chromatography, (HPIC).

Modern high efficiency liquid chromatography is well suited
to the analysis of thermally unétablé or invoiatile compounds. The
techniqﬁe is very flexible in use, as many parameters of the separation -
process may be changed to give optimum rumning conditions. The sep-
arations obtained are usually rapid and highly efficient, dnd, onee-
optimised, are relatively eagily éppliéd tb routine analytical use.

The detectors now available permit both qualitative and quantitati?e
enalysis of compounds at low concentration, while the various types of
chromatography have been developed to high efficiencies by using‘modern
column packings and packing techniques.

The limitations onl use of HPLC for specific compounds are
few, that is, the compound must be soluble in_a solvent, must be ablé
to interact with a stationary phase of some sort and must bé detectable

by one of the many types of detector now available. The compounds in
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Working-Solution fulfil all of these conditions, since they are
already in solution in the sample and, for example, all possess some
absorption in the U.V. region, permitting the use of'é low—volume
.flow-through U.V. detecfor.

This was thus chosen as thé technlque most suitable for the

‘analysis of Working Scolution.



~-12-

IT. HIGH PERFORMANCE LIQUID CHROMATOGRAPHY.

1.1. General.

It is not intended to give exhaustive coverage of HPIC

' - 10,11,12
technique and apparatus here, since the modern texts ? cover the
"subject in detail. General techniques will be described if spécifically

.relevant to the thesis subject but will otherwise be only'mentionéd as

necessary to complete coverage of various points.

1.2 Definition of High Performance Liquid Chromatography.

HPIC may be defined as that branch of liquid chromatography.

. using closed colums of high-efficiency materials and requifing the use
of pumps to attain high flow-rates. This practical définition indiéates
the main differences between the traditional type of column chromato- |
graphy, using large diameter colums of low'effidienCy and grévity
feeding of the eluant, and HPLC with its smaller diameter, high effici-
eney, re—usable'columﬁs requiring many atmospheres pressure to obtain

fast analysis times. These fast analyses, often of the ordef of a few
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minutes, may be attained with good resolutions because of the efficiency

of the ¢cclums and eolumn technology used.

1.3 History.

High Performance Liquid Chfomatography (HPLC), also variously
known as High Speed, High Efficiency or High Pressure Liquid Chromat-
ography, may be considered to have started from 1069, when a special
-session on'liduid chromatography at the Fifth International Symposium
on Advances in Chromatographyl5brought the technique to the attention

of a wide audience. The basic technique dates back to the work df
Tswettl§ however, and while recent advances have increased the effic-
iency, nevertheless the basic work dating before 1969 is still valid.

Thelrapid increase in interest in HPILC and the great effort
and investment applied to its development are largely the result of
the urgent need to separate, identify and quantitate éomplex bielogical
and bloactive materials,in which field HPIC is outstaﬁdingly sucecess—
full% The technique may be sald to have had a long gestation period,'a '
very rapid labour and to have been born fully grown in concept and
practice., This came about becausé the basic theory is essentially the
same for GLC and HfLC, and this theory had been available beforé the
1969 Symposium focussed atténtion on fhis 'new' technique. The work
of Martin and SyngelTin 1941, for which they received thé Nobel Prize,
led to the development of'GLC and.oﬁher forms 6f_chromatography. The
corfesponding deﬁelopment of.a high-efficiencey form of liquid colﬁmn
chromatography céme'somé 15 to 20 years later, When sultable low-volume
high-sensitivity flow-through detectors and other insfrumentation Wére
developed. The growth of HPIC has been rapid, with a proliferation of
papers and reviews now avallable on a wide range of aspects and app-
lications. It has goné in 6 years from a speclalist research techniqﬁe
using home-made apparatus to a scphisticated branch qf chromatography,

with instruments readily available for most purposes from quality
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COntrol to the most demanding of research facilities. it is expected
this popularity will continue to inerease éincé this is a'techniQuéiwith
a great potential application in'fieids of biology, biochemistry,
vharmacy and ﬁany other branches of science.

-

2. Types of Chromatogréphy Available to HPIC.

2.1 Tiquid/Tiquid Chromatography . |

In LIC the separating mechanism is that.of partition of fhe
solute between two 1iquid phases. One phase is the eluant while the
other is attached or coated onto the support material. The two liquid .
phases are of different polarities so that the distribution coefficient
of the solute between them is not unity. If the two phases were
identical in polarity, no normal liquid/liquid chromatography could
ocecur, It follows that there ére two cases Qf interest, namely thoée'
of the stationary phase (on the support) being either more polar or less
polar than the mobile phase (the eluant).

If the eluaﬁt is less polar than the stationary phase, then
the more polar the solute moleculé is the more_iﬁ wiil inferaet with
the stationary phase and be retarded relative to the eluant flow. This
is the nérmal mode of LILC.

If, however, the eluant is more polar than the stationary
phase, the reverse of thé normal mode follbws and ﬁore polar solute
molecules are eluted first. This is terméd the 'reversed phase' mode
of operation. It is apparent that the two modes ére complementary in
that the full range of solutes may be chromatogfaphed by'oné mode or
the other. The Supﬁort material in coated columns does not, in theory,

take part in chromatography.

2.2 Tiquid/Solid Chromatography.

The mechanlasm of separation in this mode is that of reversible
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adsorption onto the surface of the solid packing material. Interactions
of a solute with different surface groupings are ppssible, leading to |
a certaln measure of specificity of some adsofbents. The degree of
interactian between fhe.adsorbent and soiute molecules is dependent to:
a large extent on the amount of compétition between solute and solvent
molecules for the active surface éites. The solvent ié thus an’import-
ant variable in ISC sepa;dtions. I3C is algo the basié of Thin Layer
Chromatography, (TIC), another technique of considerable importance in

organic chemistry.

2.5 JTon-Exchange Chromatography.

Ion-exchange processes oceurring between solutes and stationary
phdses holding suitable exchange groups may be used to separate éom-
pounds according to their affinities for the exchanger. The process is
. limited té compounds possessing groupé which are ionic or potentially
ionic in character, and is alsc largely limited to compounds in aQueous'
solution. rThe analysis.of amino-acids and nuclelc acids has been

effected on a routine basis usiﬁg this type of chromatography for some

18

. time .

2.4 Exclusion Chromatography.

The separation of combounds by molecular size and shape may
be effected using exclusion chromatdgraphy. .In this the molecules of
different sizes are passed through a bed contalning pores of a uniform
size, which would generally be of the same drder of size as the ﬁole—
cules being separated. Entr& of solute molecules into these pores is
then dependent on size and shape of the solute. The smaller solute
molecules enter the pores easily, thus, in diffusion into and ouﬁ of
the pores, they have a long and relatively tortuous path through.the
-column. Large molecules will not diffuse into the porés and have

correspondingly short flow-paths. They will thus elute before smaller



molecules, giving an order of elution of compounds which is different
from the other modes, as the larger molecular-weight compounds in the
other types of chromatography tend to be retained longer than low mole—'
cular-weight species.

The process may be carried'out in both agueous and non-
aqueous solvents, with a variety éf bed-materials of diffefent physical
and chromatographic characteristies. It is used to a large extent in
analysis and chéracterisatioh_pf polymers by malecular-weight distrib-
ution. When it 1s required to use soft gels, e.g.‘Sephadex, the
technique is not usable with HPIC as the gels would disintegrate under

pressure.

2.5 Processes Suitable for Analysis of Working Solution,.

The compounds for@ing Working Solutién are essentiallylin—
soluble in water. ion—exehange, which requirés that the compounds
investigated be soluble in water and polar if not ionic, is thus contra-

‘indicated. |

lMost of the constituents, certainly those forming the largest
amount by weight in solution, are'derived by relatively small chemical
changes from the initial alkyl-anthraquinone; They thus possess the -
same carbon ring system in the same configuratidn, i.e. they are the
same size, shape and approximate molecﬁlar weight texcept for'the '
solvents and the possible compounds of the dianthryl group). Exciusion
chromatography may thus be discounted from the possible.modes of .
chromatography, except in investigation of compounds of the dianthryl
group. |

The remaining two types, namely LSC and the two variationé of
LIC, are both sultable for W.S, analysis, since both utilise differencgs
in behaviour of compounds which should be found in Working Solution.

The LIC mode should be able to separate FAQ and HAEAQ, for example,

because of the enhanced solubility of HﬁEAQ in non-polar phases arising



from the reduction of its benzenoid ring. Similafly; I3C should be
" ussble in the same Case because the reduction causes a loss of planarity
in the molecule and 1oss of one aromatic ring, botﬁ_affecting the..
adsorption process.

The modes of chromatograph& used in the investigation are thus

those of LSC and LIC for the majority of the work.

3. Chromatographic Materials and General Procedures.

3.1 Column.Packing Materials and Supports.‘

3.1.1 General.

Column packing materials in L3C and support materials in LIC
maj be divided inte low-efficiency and high-efficiency‘packings.. The
high_efficiency group may be further divided into small particle-size
totally porous materials and pellicular materials. These will be dis-
cussed 1in general terms, but for greater detail aﬁd current informétion

10,11

referencé may be made to the texts already quoted A %%%iew articles

19’20’2% and manufacturer's literature. . In the last group the Dupont,
Waters Associates and Varian literature is possibly the more inform-

ative in the amount of general technical and practical detail given as

well as in specific product information.

3.1.2 Tow-Efficiency Packings.

Low-efficiency packings in HPIC are usually lgrge particle-
size,;totally-poroﬁs &ateriéls, (see Fig. IT.1l). _They have poér mass;
tran;fér characteristics, thét is to say a solute comﬁound will diffuse
into and out of the particle slowly and.thus be slow in equilibrating
its concentration at the surfacé with that in solution under flow
conditions. | | |

This type of packing finds use in preparative5 chromatography,

where its ability to take a high solute loading and its relative
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cheabness_are particularly useful. 1In LIC the support would be coated
with the liquid stationéry prhase, and here again the high leoading
capacity for étationary phase allows relatively large amounts of solute
to be chromatographed.

The relatively inexpensive.low-efficienéy packings may alsé
be‘used in an exploratory function to find an appropriate packing type

before going on to use ‘more expenslive high-efficiency materials.

Low-eéfficiency porous Pellicular High-efficiency porous

Fig.IT.1 Types of Column Packing Materials.

3.1.3 High-Efficiency Pellicular Packings.

A pellicular packing consists of parﬁicles with a solid inert
core coated with a thin layer of porous active maﬁerial, (see Fig. II.1).
The thin layer of porous material ensures rapid Mass-transfer char#c—
teristics, rapid equilibration of the solute with the surface and
consequently smail amounts of band-spreading.

These'packings; although Very efficiént, have a small volume
of active materiél per unlt volume of packed ¢olum and:thus havé |
small capaéities for solutes. Preﬁarative work with these materials
must thﬁs be on a smaller scale than with totally porous types, typically
of the order of one tenth of the amoﬁnt which could be used with the

porous varieties.
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3.,1.4 High-Efficiency Totally Porous Packings.

Packings of ﬁhis ﬁype.have small particle size, uéually of
the order of 5-10 microns, (see.Fig. II.1) and combine the aavantages
of the two previous types of packing, namely high capacity and rapid :
mass-transferf The particles must.ﬂe of a very small sizé range for
best effiéiency; so that the mean path of #ll the. solute mblecules.is
the same, Differences in;pérticle'size lead to'diffefent path lengﬁhs.
around the'outside oft the particles and also into_ﬁhe porés of' the
solid. Differént path lehgths resﬁlt in band‘broadening and loss.of
resoiution and efficiency, e.g. ﬁef;LE, p.3-5..' |

Theée materials cannot be easily packéd.by.simplertap—énd—fill
techniques because the surface effects arising frém small‘particlejsize,
such as electrostatic repulsidn and aggregation, do not allow a‘géod
reproducible‘packing to be_obtained. Speciél technidues are necessary

“to pack these materials, notably slurry packing.

3.2 Column Packing Techniques.

3.2.1., Tap~-Fill.

This simple packing proéedure‘invélves a step—wise aédi£ionl'
of the paqking material foiloWed by a vertical, and soﬁetimés also
horizontal, tapping dr vibration of the column. Small amégnts of mat-
.erial.are bedded down reproducibly in fhin;layers, leading td'gon:

. packing,.for suitable materials. - “

Pellicular and large diameter totally—porous ma{terials may
be successfully packed in this way, but for parficies.of less thén 20
_microns diameter reproducible efficienf packing‘is nof generally
obtainable because of the surface effects mentibned in section 3.1.4.

Tamping the packing material with a rod méy be used iﬁ con-
jﬁnction with tap-andeill, but has the dlsadvantage that particles of
the packing may be crushed and so'contributelﬁo column blocking=and

loss of efficiency'by increasing the range of partiole size.
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3.2.2 Slurry-Packing Technigues.

These pressure assisted techniques ﬁse a slurfied form (a
thick suSpensioﬁ) of the packing material which 1s pumped at high speed
and high pressure into the column, thus cancelling oul effects of
surface energy, electrostatic repuléion and aggregationae’az

The preparation of the slurry is of considerable importance
in fhe production of efficient columns, as the final characteristics of
the column depend on the quality of the slurry. Packing oflthe chumn
should be fast and smpofh, with no_time allowed for the particles to
interact with each other -until théy reach their final position iﬁ the
cblumn. |

Two types of slurry are in geﬁeral use, namely theibal;nced-
density and the stabllised aqueous types, 'stabilised' here referring_
to thé reduced tendency of the partieles in the slurry to fofm aggreg—
ates and thus precipitate. The balanced-density method employs a
slurry of thé column packing iﬁ a suspension medium of the same denéity
as the particles suspended. The appropriate density is usually ob-
tainable by mixing tetrabromo- or tetrachloroethylene with other
suitable organic solvents, such‘tﬁat when the predried packihg is added
to the degassed solvent and is mixed in and dispersed by u}trasonig
agitation it will remain in suspehsion.with ho visible séttling br
flotation f;r at least one hour

The column to be packed 1s then fitted withba high—pressufe
- reservoir at the top and is filled with the balanced-density solvent
to the bottom of the reservoir. _Sufficient of the slurry to pack the
column, with some excess to ensure complete filling at one opération, is
then added to the reservoir, followed by a thin layer of water, then
the reservoir is connected to the high—ﬁressure pumping system. A high
pressure of an organic solvent is then suddenly applied to the reservoir
and the contents are forced at high flowrate into the column.

The stabilised agqueous slurry would be made in a similar way,
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but with a dilute ammonia solution aé the suspending solvent. Tﬁis
effectively prevents the praduction of.electrostafic-charges. The
procedure is otherwise similar to that used in the'balanced—density
method26.

After packing by the siurry techniques it is generally nec;
essary to remove the slurry solvent and to equilibrate the column with.
the chromatographic solveﬁt to be usedea. This would generally require
the passage of several hundred column volumes of various solvents going
from the most polar, often water, through in'stages to thé polarity of
'the solvent to be used in analysis. It is generally recommended thét
thé column should be equilibrated for up to 12 hours by pumping the
analytical solvent before it is fully in equilibrium, (e.é. see ref.

11, p.268).

3.5 Elution Techniques.

3.%.1 General.

0f the parameters, which affect the elution time or elution
volume ianPLC, the ones which are most readily changed in the course
of an analysis are flowrate, solvént stréngth and temperature. To
effect the rapid analysis of a mixture of a nﬁmber of compounds it ﬁay
be necessary to change these éharactéristics in a regular manner to
alter the reténtion of some compounds-which would otﬁerwise elute too
rapidly or too slowly. This is terﬁed solvent, flow'or température
programming whichever parameter'ié changed. Elution wiﬁh a solvent of
fixed composition 1s termed isocratié.elution and is the mode of |
elution most usﬁally used,

35.3%.2 Isocratic Elution.

This mode of operation is the easiest to use with the majqrity
of lower¥cost instrumentation'and has no significant disadvantages when
used to separate a simple mixture with few components. The solvent/

column packing system may be optimised to give adequate separations and
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then gives.reproducible and reliable results. For a complex multi-
component mixture it becomes more difficult to optimise separations
for ali components, 5nd it is then advisable to alter one of the para-
meters mentioned above to optimise successive regions of the chromat-.

ogram during the analysis.

3.3.3 Temperature Programming.

Temperature change may be uéed to reduce solvent viscosity
and inerease solubility of difficultly soluble compounds, but temperature
programming as such 1s rarely used in HPIC. This is partly because a
change of temperature sufficient to markedly affect the chromatographic-
behaviour of a compound, (refll , p.272), would nérmally be encugh:to
cause the solvent to boil, or in LIC ﬁould cause stripping of an applied
liquid phase. The results obtainable by temperéture programming are

usually more easily obtained by one of the other programming techniques.

3,3.4  Flow Programming.

This simple meéns of increasing resolution is apbiidable to
those mixtures where the separation of the initially-eluted peaks is
incomplete, but where the last-eluted compounds are spread over 1ong
periods and are well-separated.

By starting the elution at .low flowfrate the number of
effective plates, N, for the first ﬁeaks is increased, (éee section IVﬁE).
The'separation of these peaks, at a higher efficiency, is thus improved
relative to simple isocratic elution. As the sepafation proceeds, the
flow-rate is increased in a regular manner,'thus reduéing the time
required to elute the last compounds but also reduéing ﬁhe efficiency
'of the separation of these compoﬁnds;' With.many‘lafe-eluting compounds,
however, separation 15 usually so great that some efficiency may be

sacrificed in order to make the elution quicker and the peaks sharper,

and thus more easily quantitated.



Flow programming‘cannot change the fundamental parameters of the
chromatographic system, such as the resolution, but can make better use
of systems optimised for‘resolution of the middle cut of compounds, and
thus may be a very useful additional techniqué with relatively simple

types of apparatus.

3.35.5 Solvent Programming, (Gradient Elutioﬁ).

The stepwise or continuous change of solvent strehgth during
eluticn of a mixfure.results in changes in the capacity factor, k',(gee,
section IV.2), for each component sugh_that all components may.be eluted _
with an optimum k' of about 1.5 to 4.0°, This results in the peaks
being better separated, as earlier peaks will be spread through a larger
volume of eluant just as later ones are eluted more quickly in a smaller -
ﬁolumé. The early peaks lose little of their sharphess but.are better
separated, so that resolution is increased. TLate-eluting peaks are
considerably sharper, depending 6n the gradient used, and may because
of this give more information than isocratic elution, such as small
concentrations of compounds which may be seen under gradient elution
but would otherwise be low, wide ﬁeaks, so becoming lost in baseline
drift.

Solvent strengtﬁ in I8C and LIC is usually changed in grad-
ient elution by the mixing fogether of two solvents;.one of which is
© more polar,thaﬁ the other, in sucﬁ-é wWay that £he type bf.gradient pro—‘
duced ét the column ié reproducibié. Reproducibility of the gradient
is importént in the qualitative analysis of samﬁles wlth a broad range
of compounds, as gradient elution has a major use in exploratory work '
in this type of problem. The compounds of interest in a mixtufe may be
found by a gradient elution study, followed by the design of a simpler
elution system, preferably isoératic, for routine analyses. Gradient
elution devices for produciﬂg the gradient at the entry port to a re-

ciprocating pump, thence through the pump to the columm, are simply
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mede, (see fig. IT.2), but are not as reproducible és those gradients
geﬁerated by two high-pressure pumps delivering the two solvents direct-
ly to the high-pressure system. The associated extra expense of another
pump and the necessary control circuitry for pumping ratés is often'high,
tending to approximate té the cost of a Single isocratie routine analysis
instrument. The tendency is thus to use gradient elution as a research
or exploratory tool and aim for isocratic elution methods in routine
Work. 'Having said this, however, there will be some caseszy#where a'.
mixture cannot be resolved without gradient elutioﬁ and in this case the

high cost of the instrumentation would have to bhe accepted.

Stronger Initial
solvent = solvent

T~ To pump inlet

Magnetic
stirrer

Fig.IT.2. Two~Chamber Gradient Elution DeviCe.

Solvent programming is pessibly the most powerful tool
available to completely resoclve broad range mixtures in HPIC.. It is the
expense of the necesséry equipment which tends to limit its genéral use.
Such effects as baseline drift due to change of solvent composition,

resulting in change in U.V. absorption and viscosity, may be largely
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eliminated with some detectors by choice of solventé.and do not detract:
to any extent from its uses. The newer chemically-bonded column pack-

ings, {see Chapter IV), may even be used in gradieﬁt ILIC, a combination
not usable in conventional IC. 1In summary therefore it may be said that
gradient elution has many advahtages over isocratic elution in spéed of
operation and ability to ha_ndlé a wide range of compounds in a single

elution, but that the expénse required to produce the necessary closely

contreclled mixtures is often not justifiable in many analytical situations.



TET INSTRUMENT DESTIGN, ASSEMBLY AND MODIFICATiONS.

Introduction.:

A discussion foliows of the merits and disadvantageS'of the.
various general components in HPIC systems; this is not intended to be
'a detaliled or exhaustive discussién,;as such treatmen£ is available
elsewherelo’ll’lg.' Generél articles and reviews of HPLC apparétus are
now frequent in Jjournals such as.Analytical Chemistry reviews and the
Journal of Chromatographic Sciénce..,Items cited herein will.thus bhe
selected examples. A briéf description of the reasons for choosing the
evehtual form and compohents of the operative machiﬁe is given so that .
an appreciation may be obtained of its_uses and limitations, relative
to other instruments.

Developmental aspects wiil be covered in thé seetions giving
the details of the apparatus and its assembly.

The detector and its electronilcs are dealt with in a separate

section, as the factors and considerations involved in choosing, design-

ing and building a sultable detector are complex. It is to be noted
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that the type and construeiion of the detector unit is of considerable

importance to the quality of results produced.

1. 'Performance Required and Design Considerations.

1.1 Introduction and General Background.

At the timelof starting the study described herein most HPLC
separations were being made with relatively low pressureé,‘about 1,000
p.s.i.; a capacity for 5,000p.s.i., whilst available Wi£h certain
maﬁufacturers' instruments, was not considered essentiai by most workers.

Developments in column technoloéy have eﬁsufed that, fof most_
separations, even at high speéds, pressures in excess of 2,000p.s.1..-
aré not necessary. The maximum pressuré capahility declded upon at the
dééigﬁ stage was 2,500p.s.i'. The maximum pressure selected is a most
_ important parameter in the design stage, as this controls the type of
valves, joint fittings, pump, etcetera, selected.

The apparatus used in HPIC may be represented in a block
diagram, (fig. ITI.1l). The generally available instrumentation27’28_
conforms to fhis scheﬁe with certain variations and additions as necess-.

ary to fulfil more advanced functions, (shown in broken lines in fig.

IIX.1), such as gradient_elutioﬁ.

1.2 Specific Components.

1.2.1 Pump.

There are three fypes'of pump in general use in HPLC. These
are:- |
Pneumatic, (simple or amplifying)
Reciprocating, (plunger and diaphragm)
Syringe Type.
Pneﬁmatic.

This type is operated by pressure from a gas cylinder, usually
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Fig. IIT.1. Block Diagram of an HPIC Instrument.




up to 500p.s.di. .A higher pressufe type is.the pneumatic amplifier pump,
the eventual maximum pressure developed by it being dependent on the
amplification factof, which depends on the surface -areas of the two
plungers in the pump. Both types have the limitation that they can de-
liver only a limited volume of mobilé phase before having to be refilled.
This refill can be very rapid for ﬁhe amplifier pump, often only a few
seéonds. Solvent delivery is usually pulse-free with this type of pﬁmp.

Reciprocating, (Plunger and Diaphragm Types).

These pumps generate-pressure by_the reciprocating action of
a piston or diaphragm‘driving a small volume of.solvent at a time out
of the pump éhamber. an-return_valvas.then allow méré Solvént to_enter
the chamber from a resefvoir at atmospheric pressure for the next stroké.
Solvent delivery is thus pulsed, which may be a disadvantage‘when using
a high-sensitivity detection system. Solvents can be rapidly changed,
howéver, so that this type of pump lends itself more readily for use iﬁ
gradient elution than other types. This factor,and its relatively low
cost, makes 1t a viable choice Tor low-cost systems.

Syringe Pumps.

The syringe pump is'usuélly a vertical_cylinder of stainless
steel holding a stainless‘steel,.screw—driven, plunger to displace fhe
cyiinder's contents. The sereW—drive is poweredlby a stepping motor
which drives through‘gears. The.sfepping:rate,.heﬁce the rotational
“speed, of the motor_is coﬁtroiled_byrcomplex electronic éircuits.
Although these pumps deliver an essentially pulSerree constant -flow Qf
solvent they are relatively very expensive. The cylinder contéining
solvent is oftén inconvenient to clean when changing from one solvent
to another, and gradient elutioﬁ requires two such pumpé and associated
electronic control mechanisms. Thus for a2 gradient elution faciiity
the cost is currently about ten times the cost of a simple reciprocating
purp.

Pump Chosen.

On grounds of cost, flexibility of use for gradient and isocratic



modes, and availability, & reciprocating plunger pump was chosen. A
deseription of the pump and other components will be given later in the

'"Equipment Assembly' sections.

1.2.2 Pulse Damping Devices and Pressure Gauges.

The use of the recipro;ating pump made it necessary to incorp-
orate means of reducing the size of pressure pulses to acceptable levels.
A convenient way of achieving this is by the use of Bourdon—type preés—
ure gauges, which act as pressure-sforage systems oﬁ the pumping stroke
and thus help to maintain a steady pressure at the_column inlet. It
was also considered deslirable to incorporate a safety cut-out switch
so that, if a bressure build-up occurred in the system, the ﬁaximum_
safe pressure of the various components would not be exceedeé. This
safety cut—out.was also bhased 6n the Bourdon gaﬁge'principle, and thus
would act as a second bulse—damper in the high-pressure line. The

‘pressure gauge, For monitoring the column pressuré and detection of
pressure bulld-up in case of a blockage in the systém, was chosen with
a 0-4,000p.s.i. scale to allow for momentary overshoot of the maximum

safe pressure without damage to the Bourdon tubes.

1.2.3 Valve-(Gear.

_ Several different valves were examiqed”in'the initial.studies.
The'final cholce of valveé includea'ﬁhréé types:-
(a) .;bonnet' stop-valves’
(b) metering needle valve
(¢) ball valve, on/off.

{a2) 'Bonnet' Stop-Valves.

These screw-action valves were selected to be able to hold a
pressure differential of 3,000p.s.i. across the valve without leaking.
Tt was found that Simplifix valves‘leaked through the valve seat above

500p.s.i. and were not suitable. Valves marketed by Techmation Ltd.,
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from the Hoke and from the Whitey companies were satisfactory up to
3,500p.s.1. for short periods and up to 2,500p.s.i. for continuous
running.

(b) Metering Needle Valve.

A valve was needed to mainfain a constant but low flow of
solveht to the reference side of the detector. A metering needle valve
was chosen as it is inheréntly more accurate.in controlling flow
reproducibility than is a screw—action.stop valve, which ﬁould be a
crude alternative., Needle valves are not designed to act as stop valves,
hence to make it possible to stop the feferénce fléw.a "bonnet’ stop-
valve was incorporated before the needle valve._

(e) Ball Valve, On/Off.

A'quick-action on/off valve is required in the usé of the .
stoﬁ-flow injection technique to ensure a minimum disturbance fo the
detéctor baseiine. The rotary béll—valve provides this action and may
be-made pressure-tight tp BQOOOp.s.i.. The 'bonnet' valve, while being
somewhat cheaper, is not quick - in action. Operatioﬁ of the ball-valve
used has been satisfactory over twelve months at pfessures up*to 3,000

p.s.i. for short pericds.

1.2.4% Pressure Fittings.

The fittings used to cormeet the different coﬁponeﬁts and
tubing were variously, 'Kromlok', 'éyrolok' andr'Swagelok',.all in .
stainless steel. Although the various makes of fittings differ in
detail it was found that good joints could be.ﬁade, if necessary, oh
interchanging properly_made Joints of the three abové-tyﬁes. This is
not recommendad by the manufacturers, but did'éllow sorme intermixing of
ready-made joints to allow greater_flexibilit& in assembly and sﬁbsequent
reassembly when changing the arrgngement of components for various

reasons, (e.g. see section III.3.2.4).



1.2.5 Injection Devices,

The method of introduction of the Saﬁple in HPIC is a.partic-.
ularly eritical factor in determiﬁing'the performance of the chromato—r
graphic systagg. There are three commonly used méthdds,l |

(a). Septum injection |

(b) Stopped-flow injection

(¢) Micro-sampling valves

Many variations on these are uSe&l’g?INIt the basic principle
of all methods is to apply the sample to the column in an infinitely
thin band or spot or as near this ideal condition as possible. 'The
emphasls on injection technique in HPIC is because of the relatively
small ratio of eluant volume (ofteh less than 10ml) compared with the.
sample size in this technique (typically %pl).‘ In GIC, for éxample;
the mébile phase has a very much larger %dlume than the‘injected sample -
(e.g. 100-200m1), so that any deficiency in injection technidug lead-
ing to imperfecit sample application is normally less'critical with
respeet to peak shapes and resolutions. In HPIC, howevér, the very high
sengitivity detectors now avéilable have detection cells which may
approximate to the applied sample.size, hence any extra-column peak
broadening due to bad sample application, or excessive dead-volume with-

in the overall system, 1s unacceptable.

{a) Septum Injection.

Septum injectioﬁ deyices are usuall& v;riations on the theme
of a T—joint connected directly to the end of the column, (fig. IIT.2 ).
The solvent flow is through the side-arm of the 'I' and past the inject-
ion needle, so that a sample injected through‘a septum on the other érm_
: of the 'T' 1s placed at the nearest possible point to tﬁe column and is
immediately swept on to the colum, with no possibility of back-diffus—
ion and dead-space band-broadening. In practice the liﬁitations of this
method are those of the injection syringe and the septum materiél. If

the syringe is not able to withstand pressures up to about 5,000p.s.1i.



-—j).-.

without leakage past the plunger, fhenraccurate injections will not be
possiﬁle. The type of septum material is criticai with régard to ifs
' behaviour in contact with organic éolvents. Ir thé sepbum swells,
éoftens or dissolves in the eluant system, then leakage of solveﬁt énd
loss of pressure ﬁill result, leading to poor reproducibility of peak
retention times and peak areas. For low pressure systems and with
suitable syringes and septa this technique is probably the most simpie |

and convenient,

o Screw-cap

Meedle guide ‘tube
Solvent S
inflow c:::::::ﬁf
L U
Column end-fitting
L _ * Sinter.
~Analytical column

Fig. IIT.2. Septum or Stopped-Flow Injector Fitting.
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(b) Stopped-Flow Injection.

-The physical appearance of this type of dévice is often.ﬁefy
gimilar to the previous type, with the addition of 'a quick- action on/
off valve in the solvent line befofé £he injectof. The difference in
use is that, when injecting a sample, the on/off valve is tufned to
Toff', fhe pump is switched off, and the septum 6r other seal is removed
from the injector head. Injection is then carried out at atmﬁspheriﬁr
pressure, the seal is replaced and tightened and the pump is started.
The on/off vaive may then be turned 'on',-inétanténéously épplying the
normal working pressure to the injector and‘sweeping the sample onto
the column., The advantages of this technique are that the syfinge may
be a standard type, since it is used at atmospheric pressure, and thatl
the septum 1s not perforated, thus ensuring its longef life ;nd greater

leak resistance.

. {¢) Miero-Sampling Valves.

The sample is held in an internal cavity in the valvé, cr in
an external ldop of tubing for larger volumes, and is iﬁtroduced onto
the column by rotating the valve rotor to a position where the cavity
is then in the eluant line. The injection is limited to a éiﬁgle'sample
size unlesé it is modified by removing the external loop and replacing
it with another loop of differeht capacity. The valve ié invafiably
expensive because of the’gréat acecuracy of maqhiniﬁg required:to ensure'
pressure-tight operation ﬁhile simuitaneously providing a constant in-
ternal volume. The advantages of this type of injection device ére‘
that it is used at the system operating pressure, thus reducing.base—
line fluctuations due to the injection, and that it ié the typé most
easily adapted to automatioﬁ, to aliow many samples from, say, industrial
plant pipelines to he sequentially injected into a monitoring HFPIC
machine. Qample application: should in theory bé.as sharp as with fhe‘

other technliques, but, in many vdlves, excessive dead-volume bétween the

valve and colum head may cause broadening of the injected sample band.



_ Devices Used.

A micro-sampling velve, by Specac Lﬁd., was‘used initially,
but was found to be unreliable with respect to the'volﬁmeeinjected and
to léak under operating conditions. |

The majority of work described herein was with etopped—flow
injection, Which'was found to be satisfactory on all counts, as well as

allowing different sample volumes to be applied.

1.2.6 Column Tempereture Control.

Much of the work was carried out at ambienﬁ temperature,,but
some work at elevated temperatures necessitated the.use of an oven which
was.fitted‘for the purpose with a sensitive temperature‘contreller and
.circulating fan. The temperature control obtained was nqt ae good as
that obtained with commercially available ovens, but was to within floé

at the temperature selected.

1.2.7 Solvent Reservoir.

A stalnless steel or glass reservolr is usually used in HPLC)
Some reservoirs may be equipped fer the degassing ef solvents, but it
was found convenient fo degas smell quantities (ca. éOOml;) of the re-
quired solvent and then add it to a.simple stainless steel_reservoir
connected to the pump inlet;_ This avoided the pfoduction of gas bubbles
in the detector flow-cell;' |

Gradient elution ﬁith external genefaﬁion of the gradieﬁt.
:requires a-gpecialised eolvent resereeir system, such thatrtwo solvents
can bz mixed in exact proportions and delivered to the pump. Several
devices have been describe&Bo’B%nd reviewed;j. |

The gradient device used herein was a simple one, of two
cylinders jeined at the base by a narrow‘tube, (see fig. IT.1). The_
pump was fed from.one of the cylinders which was equipped with a stirrer.

The outflow from this cylinder was consequently made up from the second
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cylinder, usually holding a stronger solvent. This general type of

device, that is of two connecting containers, may be used in various

~ forms to generate'different gradientgﬂ?”

1.2.8 Columns.

A variety of sizes of colum were used. ALl were madé of stain--
less steel, with stainless steel end-fittings appropriafe to the siée
of cplumn. Accounts of column fittings, of other relevant column design'
factors ahd of ﬁerformance are numerdu§3’28’?21i is sufficient to note
that minimum-dead-volume fittings with stainless steel or PIFE sinters
were used at the colunn outlet, and thaf similaf fittings with sinters
or a quartz yarn plug were used at the injection end of the column.

Any special or unusual features of columns are noted as appropriate in

latef'sections, dealing with the practical work.

2. Detector Sélection.

2.1 General Reguirements of a Suitable Detector;-
The detector ghould have as many as ﬁossible of the following
charaeterisﬁics.

(a) Sensitivity to all compounds to be investigated

(b) Senmsitivity to small amounts of solutes

(e) Low baseliﬁe ndise level and high baseline stability

(d) Wide iinear range, for use in both analytical and pre-

| parative WOPk_l

(e) TLow dead-volume of cell and cormections

(f) Low sensitivity to changes in flow-rate and ambient
temperature.

(g) Compatibility with gradient elution

(h)' Preferably non-destructive so that.further Investigations
of separated compounds might be made.

(i) Preferably low-cost.
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No single detector as yet possesses'all of these attributes.
An.exémination of available detectors was thus required so that'an'opt-'
jmum choice could be made.

" The subject hés been treated in considerablé:détail in bookslo’ll’12
and in various reviews, that by‘V'eenin.‘g?:5 being particulariy'useful.
These reviews cover a number of types of detector baséd on different
~detection principles. Some of these detectors are at an experimental
or development stage and are thus not suitable for the present work;
These devéloping types ineclude those usiné ultrasoniéﬁa, streaming po-
tentia15 1 » vapour p}."l»ess1.1:t"e5 2 s inter‘fer'ometz‘ic,5 3,60 , 'e.lectron capture5 5’61,' .
mass spectrometm? 6,57 s Spray impalctcj 8 and per-mitfivity 52 princi'ples.
Some other detectoré were unsuitable for obvious reasons;.for examplé
the radioactivity detector was not applicable because there is no radio-
activit& in the Working Solution, nor can any be easily inducéd in it.

After consideration of the more suitable types; discarding those above;

the following remained:

1l The micro—adsdrption detector
2 The refractive—index detector
3 'The polarpgraphio detector
4 The ultra-violet absorption detector
'é The fluorescence detector
The mass~transfer detector.

3
[}

These will now be briefly deseribed.

2.1.1 The Micro-Adsorption Detector, (M.A.D). .

The principle of this is the measurement.oflheat produced on
the adsorption of compounds from the elution solvent onto an apprépriate
édsorbent in contact with sensitive ﬁemperature'sensors. _The character-
istie response of the detector is shown in fig. ITI.3. This indicates
one of the limitations of this detector, namely the desorption (negative)

peak after the initial adsorption peak. This makes the detector of very



limited use in systems where peaks might overlaﬁ and'ctﬁerwise be closely
spaced. Anothef limitation in the présent study would-be that baseline
drift due to permanently absorbed impurities, and aonsequent loss of

- performance, might be high when passing through it the very complex mix-
ture that is the Working Solution. it may be noted that the MAD is not
compatible with gradient elution, as the changing composition of the
solvent would cause artefact peaks and baseline drift to an unacceptable

degree.

Fig. ITII.%. Typical Detector Responses.

1. M.A. Detector.
2. R.I, Detector.

3. U.V. and Mass Transfer Detectors.



_Jy_

2.1.2 The Refractive Index Detector, (R.I.).

The R,I. detector is one of the two most widely-~used types
and is the nearest to being a universal detector, as it relies on a
bulk property of the eluted compounds and not on specifié chemicai or
physico;chémical properties. The reéuirement for detection of a compound
is thaﬁ the compound and the eluting solvent should have different
_Héfractive Indices. Sensitivity to speéific compounds depends on this
difference,. as thé résponse of the detector is a measure-of tﬁe refract-
ive index of the eluted solution compared to the refraptivé index of the
~pure reference eluant. The difficulty of matching the reference side
with the analytical side of the detector precludes the use of this de-
tector for gradient elution, except at low sensitivityQ. For low concen-
trations of eluted compounds, or when otherwise working witﬂ‘high
detector sensitivity, 1t is.necessary to control fhe temperature of the
detector to within ¥ 0.001% %P7 mnis is because the change of
Refractive Index of solvents commonly used in chromatography is of the
order of 10-'4 R.I. units per degree C.; it is fhus imperative that the
temperature of hoth eluafe and reférence streams should be closely
matéhéd by using heat exchanger céils between the analytical colum and
the'detector. This increases the dead-~volume 6f‘£he system and con-
tributes to peak-broadening.

The two principles used in the_two agvailable types of R,I.
detector, namely the Fresnel and deflection types, are'described and
illustrated in the texts already oited}o’ll’l% and'in Veening's revieﬁia. |
The characteristic resbonse of the detector is shdwn.in fig. III;B. o

Further discussicn of this detector will be limited to the summary and

discussion in section 2.1.7.

2.1.3 The Polarographié Datector.
This detector was included becausé of the obvious relevance

of such a type of detector in relating chromatographie results to the



present ﬁolarographic analytical methods used by Laporte Industries.

The information obtained by a suitable polarographic detector, poésibly'
in conjunction with another type of detector, would Qorrelate Imown
active compounds with certain peaks and show'non—polarographicall&-
active compounds clearly, allowing a.possible guicker identification of
unknowns- by eliminatioﬁ of some of the maln peaks.

The key to the use of such a combination of detectors lies in
the word 'suitable'. For a polarographic detector to be usable it re-
quirés that the substances to be investigated are in-a conducting medium,
This 'supporting electrolyte’ is generally a salt.solution in én agueous
medium., This limits the use 6f such a detector to the ion-exchange, |
gel--permeation and reverse-phase chromatographic modes, of which only -
| the last 1s potentially suitable in the present analyses. fb use a
polarogfaphic detector in conjunction with a non-agueous solvent sfstem
would require a complex iﬁterfacing system Lo remove the hon—aQueous
solvent.and redissolve any eluted components in a suifabie polarographic
solvent. This would undoubtedly affecﬁ reéolution and sensitivity
adversely, and this type of detector is thus unsuitable, despite its .
good sensitivity and other feaﬁurés. Another factor against its use
waé that, although some small-volume detectors had been built in conﬁec-‘

B4, 35,36

tion with various researches » there was not a commercially

available detector at the time of commencing the study.

2.1.4 Ultra-Violet/Visible Absorption Detector.

The most widely used HPIC detector is the Ultra-Violet absorp-
tion (U.V.) detector, usually operating at fixed Waveiengths. A fast-

scanning U.V. spectrophotometric detector has recently heen developedjj;

but the majority of commercially available detectorsB:'use a single
fixed wavelength of 254nm, the strongest emission line of the low-

ressure mercury lamp spectrum. This system is convenient for three
P y lamp :

main reasons. Firstly many compounds have an absorption maximum in the



ultré-violef at or near this wavelengﬁh,'thus allowing a large number
of compounds to be detected. Secondly the 254nm emission i$ a sharp
line soﬁrce, strictly at 253.7nm; and this speetrai homogéngity lends
itself more readily to the linear quantitation of compounds. Finally
the low-pressure mercury lamp is an éstablished standafd lamp uéed in
the calibration of spectirophotometric equipment and consequently is
available aé a stable, consistent and miniaturised form suitable for
- incorporating into small detectors. Its high-intensity light at 254nm
is‘also suitable for exciting phosphors which then emit at higher wave-
lengths, thus permitting the detector to operate at the higher wave-
length and giving a wider range of specified wavelengths, if necessaﬁy;

A slightly different type of U.V. deteétor 1s now coming intO"
increasing use, this being the variable wavelength detector.“It is
similar to a standard double~beam U.V./visible spectrophotometer.but
with narrow beam optics, suited to the use of small capacity flow—
through detection cells. The ability to change the wavelength used for
monitoring through a continuous spectrum allows the selection of a wave-
length which will give max 1 mum absorption by a épecific compound, thus
maximising the sensitivity for‘thét compound and minimising Interference
ffom other compounds. ' This type of detector has undoubted advantages
in the analysis for known compounds on a rout%ne basis, and has some
advantages in research where it ma& be possiblg to monitor the column
for absorption by a specific chromophore and thus be more specific in.
idenﬁification of eluted components of, say, an unknouwn reacﬁion product.

In the present work it 1s notable that all of the known corm-
pounds in Working Solutionlhave some absorption in the region Qf 254nm,
some having very high absorption, e.g. EAQ_with E,ﬁh'lQE,OOO. The
simple U.V, detector is thué particularly suitable in this féspect.

In general it is accepted}o’llthat the U.V. detectgf is vers-
atile, has high sénsitivity, good'baseline stability, low flow dependence‘:

and is relatively free from interference bj temperature fluctuations.



A comparison of photométrio.detectorsﬁ58 indicates that the fixed wave-
length 254nm detector is a good general-purpose detector, although it
is not as specific as some of the cher detectors because of its general
épplicability. The characteristic response of this detector is showh
in fig. I1Il.3, iﬁ comparison ﬁith thé R.I. and M.A.D. responses.

| The fixed-wavelength U.V. detector may readily be used with
all forms of elution programming,'and this, with its Simplicity in use
and the other points mentioned above, makes it a particularly outstand—

ing type for the present work.

2.1.5 The Fluorescence Detector.

Although few of the compounds of Working Solution have been'
recofded as having fluoreécence this is mainly because thé ﬁﬁre compbunds
haﬁe not in general bheen tested for fluorescence. It-is possible that
many of the compounds, being.planar and having large conjugated ring
systems, are fluorescent.

The use of fluorescence in the present-work as a primary or
main detector was not conéidered to be worthwhile, because of the wnknown
extent of application of such a detector and the necessity to use aro-
matic-free eluants in order to get a stable refefence responéé without
_interferences. It was not déﬁsideréd reasonable to build a detector to
6perate specifically in the fiuoresaence mode. The inéorporation of a
fluorescence facility in é U.V. absorption detecﬁor has been found to
be feaéibleBS.and might be of value in extensionsrof present work.
© Knowledge of which compounds fluoresce shoﬁld glive iﬁfofmation on their
‘structure, thus making identification of unknowné_simplér. The gréat
sensitivity of fluoreécence detection wifh suifablé compounds is docu-~-
mented, particularly where otherwise unsuitable compounds have been
deriﬁatised with a.flﬁorescenﬁ reagent such as dansyl éhlbride39 or

39,40

dansyl hydrazine . Every fluorescent compound has a corresponding

U.V. absorption peak, often giving as greal a sensitivity for that



compound as does fluorescent emission. No advantage would thus be -
obtained by using fluorescence, except in the gaining of information

as already indicated.

2.1.6 The Mass-Transfer Deteetor.

The principle of this detector is to take a sample of the-
column eluate on a moving transbort system (often a wire) and to then
remove the solvent by careful heating: the solute thus depositéd on the
wire is then pyrolysed in an oven and the pyrolysis_products determined
using a gas-chromatography flame-ionisation detector, (F.I.D.). The
detector is thus not dependent at all on the elution solvenﬁ used and
is independent of column operating temperature and temperature fluct-;
uations around théwdetector itself. Thesé desirabie featurés‘are off;
set by the wvariations in sensitivity to ﬁarious types of cbmpouﬁds,

, for'ekample hydrocarbons and carbohydrates. An alternative to.thé
pyrolysis/F.I.D. method has been described by Scott and LawreneeAl,

and involved the conversion of the organic compound inbto carbon dioxide
and water, followed by catalytic hydrogenétion of carbon dioxide to
methane. The methane so produced is then determined by the F.I. Detector.
This method gives‘sensitivities related to the cafbon content in the
compounds investigated and gives a wider range of linear reéponse.

The basic disadvantage, however, is.still thét the mass-~
transfer type of detectof~is large, relatively compliéated to oﬁerate'
(wire travel rate, gas flows and heating all require careful coﬁtrol)
and is relatively insensitive because the wire only piéks up a?smali
proportion of eluate from the column. Problems of pobr solution dist-
ribution.on the éurface of the wire can lead to serious noilse production.
at the F.I.D. The masé-transfer detector was thus not considered suit—..

able for this work.
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2.1.7 Summary of Detectors and Conclusions.

A tabular form of summary for the main detector types, (Table
ITI.1) iilustrates.relevant points. Thié tablefsummariseo data givon
by Snyder and Kirkland:ugnd Varian Aerogrm;ﬁ%e, and gives the main points
of comparison. Whuﬂgz compares the ﬁ.V., R.I. and M,A. déteotofo and
concludes that the U.V. detector is the best detector to use if the
oompounds to be 1nvestigated absorb in the ultrav1olet Tater, Scot‘#3
concludes from both theoretlical and practical considerations that the
M.A. detector ié'not viable as é detection system in HPtC.
Consideration of thé available relevant facts led to the
‘choice of the fixed wavelength U.V. detecoor as the detector to he used.
in the present work, for the reasons detailed above (section 2.1.4.).
On grounds of cost, it wao decided to build'a deteotorjand its
assoclated electronics and optics. The basic maohining.and instrumental
requirements were within the deoartmental facilities available, for a

relatively simple detector, and & suitable design basis was thus sought.

2.2 Detector Design.

At the time of commenciog this study the most comprehensive
construction details for a U.V, photometric delector were publiéhed by’

_oThacker and other'uq 45,46

of the Oak Ridge National Laboratory in the
U,S.A. They gave a reasonable amount of information cn the components.
and.constfuction of a twoéwavelength dual~beam U;V. photometric detecto:
of suitable characteristics for use in the present work. The device of
Pourcefrz, was of a similar but less'sophistioated.detector and des-
eribed less detall,

The.Oak Ridge papers were thus used as_tﬁe basis for building |
the doteotor. Tater in the rescarch programme it was possible to ob-
- tain complete blueprints, cirouit and machining diagrams for the detectorﬁ8

These fabrication drawings arrived after the detector had been built.

The version built from the published data, while being much simpler in
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(Units)
Selectlvity

Gradient
compatibility

Upper limit of linear
dynamic range

Linear range (a)

(%)

Sensitivity to
favourable sample

Flow sensitivity

Temperature
sensitivity

Cell volume (/41)

Peak shape

(b) Ref. 12

UV .
(Absorbance,
A)

Selective

Yes

2.56A

5x lO4

3000

" 5%10" 0% /1

No -

Low

8

Pogitive

only

RI

(RT Units,

RIU)
General

No

10" RIU

].O)“L

3000

5x10_7g/ml

No

10-4RIU/OC

3-6

Positive or

negative

Transport

(Detector current, .

amp)
General

Yes

10'8A

lO5
1700

.5x10-75/ml

Yes

No

Positive only
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Polarograprhy
(Diffusion current,

Mamp)

Selective

- No iqfdrmation
2 x_ZILO"5

104

1o‘lpg/m1

»

Yes
1.5%/°¢

10

Positi?e only

Summary of Detector Performances.

Pluorimeter

Selective

Yes

10

Positive
only

General

No

107 %

2 x lO2

10-9g/sec

Yes

Yes

9

Differential



_ construetion, was simlilar in dimenslons and pptical layoutlto the orig- .
inal Oak Ridge detectors. | | |

The detector consisted of two parts, comnected by multicore
electrical cable, these parts being the detéctor head and the associéted
electronics., This follows the 'Mafk I' ORNL layout. The essentiéi
differences between the present device and the Marks I and II ORNL de~ .
vices are.in the simplifiéd construction.of the detector head, the
design of the flow-through cell, the modified phosphor/filter system in
.thé optical system and in én improved method of zeroing ﬁhe elecfrical |
output. These points, the development of the system and the overall
constfuction of the detector will be described in secﬁion 4, and in -

Appendix C.

2.3 - Chart Recorder.

In order to accurately correlate the two sets of chromatograms
produced by the two-wavelength detector, it was necessarﬁ‘to-use a two-
channel. chart recorder. The instrument chosen, a Telseé T;TOO, had
variable-ranges from 10mv to 1 volt f.s.d., and had six chart spéeds.

. It was found to be reliable and—complefely satisfactory over a period

of 2% years.

3. Instfument Assembly.

3.1 Tnitial Assembly.

When first assembled, the_péfts were.built into a cabinet
which had previously formed part of a GLC.instrumént, (the Griffin &
George Dé). The cabinet was floor—mounteﬁ and, although it had an
operational constant temperature oven, was found to lack the.required
flexibiiity of use since it only allowed the use of i metre or 8Cem
colums. It was not feasible to modify the original cabinet to allow for

very short or very long columns, and 1t became necessary to rebuiid the
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Flg., TIT.4 Assembly Diagram of HPIC Chromatograph Constructed.



"

S A 4

Key to Fig., TII.4,

Reservolr, l-litre, 304 Stainless Steel.

Pump, plunger type, with variable stroké.

Safety switch, preésure operated, up to 3000p.s.i.
Low-pressure gauge, O-400p.s.i.

High-pressﬁre gauge, 0-4,000p.s.1.

Bormet shut-off valves.

Rotary ball ﬁalve, for stopped-flow injection.
Metering needle valve, for reference flow control.
Injector assembly, for stopped-flow injectlon.
Analytical column. "

Detector head.

Detector cooling coils.
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machine into a smaller, more compact bench-mounted cabinet.:

5.2 Final Assembly.

The final assembly is shown'diagfammatically in fig;”IIIJl.
A full 1ist of components and their suppliers is given in Appendix .B s
a brief description of the construection and components is given here for

continuity.

3.2.]1. The Pump and Fittings.

The plunger type reciprocating pump_chosen_was a model HM/SS2C
by Metering Pumps Ltd. The flow—rase is.controlled.in this pump by éd~
“Jjusting the length of stroke with a micrometer stop: The pump is ..
rated to 2,400p.s.i. continuous working pressure and has besn satisfac-
torily operated at pressufes up to 2,500p.s.i., with occasional short
periods up to 3,000p.s.i., for two years without significant problems.

The fittings required, to enable the pump to be used with
%" o.d. tubing, could not be obtained in stainless steel, the material
of choice, and brass fittings were used in this one situation 1n the
initial studies. After some months of running with this arrangshent
the pump.began to lose efficiency intermittentl&;.and required dismant-
ling. It was found that the stainless steel ball-#alve assemblies had
become coated'with s white deposit ﬁhich was qéusing them to seat badly
snd thus lose pressure. fhe.whité deposit, which was found to.be a
zine compound, probably the hydroxide, was found to have come from the
. brass fittings which, by an electro—chemical'couple effect between the
brass and the staihless steel, had become corroded. This effect was
eliminated by bright nickel plating the brass components before re-
assembly of the psmp-head. No further eorrosisn of this type has taken'l
place. |

Pulsations from the pump were damped by the pressure gauges

and the safety switch (fig. ITI.%, C, D, E) and were not of significance



-_u—-

at normal sensitivities, (see section 4, Detector Performance).

3.2.2 Gauges.

The two pressure gauges and the pressure-operated safety
switch were of the Bourdon type, andlalso served as'pulse—dampers. The
safety~switeh could be set at any desired value, but was generally at
2,500p.s.1. A micro-switch operated by one ehd bf the Bourdon tube
was in;series with the power-supply.to the pump and cut off powef when
the set pressufe was exceeded.

The perfofmance of the pump and the pressuré—holding abllity
of the hydraulic system could be usefully monitored by observation of
the gauge behaviour; thus it was possible, for example, to tell by a
long—term pressure drift that the pump non-return wvalve gear-néedéd
attention before performance seriously deteriorated, and this allowed_'
suitéble maintenance to be planned with minimum disruption of the

research programme.

3.2.3 Tnjector Assembly and Ball-Valve.

The device originally uéed was a four-port rotary injeetibn )
valve, méde by Specac Ltd., of 2 microlitre noﬁinai caﬁacity. This was
unsatisfactory, despite various repalrs, because of leakage paSt the‘
rotor and incorrect sample size on injecfion. ) |

The defice used-for the majority of.this wérk was a Pye in;
jector as used on the Pye LCMR instrument. It has been‘used in stopped-
flow injection mode and has proved satisfactory in most respects. The
two factors which have caused some problems are the nebéssity of using
long-needle syringes, (ét least 10§m), and the difficulty of'ensuring
a long-lasting septum seal at the injéction point.

The use of long-needle syringes requires more.care and a more
precise_injection,technique than would otherwise be needed. This is |

because the long needle is very easily bent if any sideways force is



applied to it, and, when so distorted,.becomes very stiff in opefation.
A shorter version of the Pye injector would be better in this respect,
allowing the use of shorter, more robust, needles and allowing slightly
faster injections; this is not a significant factor herein.

The standard septum materiél nermally used in the Pye injector
screw cap was not resistant to organic solvents. The septgm matefiai
softened, swelled and gradually extruded into the small needle gﬁide
" tube, with the consequent appearance of small particlés of rubber at the
injection point at the column end-sinter. .The use of a PTFE cogted
rubber septum material,from Pye Itd:, reduced the rate of attack sig-
'nificantly, but to date no ideal séptum has been'found. This ié é
potentially.serious problém, as:it is possible that the quality of the
injection may be reduced by accumulation of rubber particles.at the
.eolumn entry. This effect has been avoided by changiﬁg septa frequently,
before they show signs of breaking up. |

The ball-valve used in conjunction with the injector has
proved trouble-free andlpressurentight in operation over a perlicd of

one year.

3.2.4 Tube and Tube Fittings.

The majority of fittings used were 'Swagelok'. Some of the

: valvesrrequired 'Gyrolok' fittings to adapt thgm to receive %" o.d.
tubing and these fittingsrwere used where neceésary. Some 'Kromlok'
fittings were used'and were found to be satisfactory. in performance.

it was found that it was possible to‘mix certainrof the makes of fittings
- when necessary and still obtéin leak-free Joints. .This is sometimes
expedient in assembling apparatﬁs in different configurations.‘ It would
.obviously be preferable.to use oﬂe make of fitting throughout so that

Joints would be completely inferchangeable.
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4, Detector Construction and Development.

4.1 General Principles.

As indicated in section 2.2 the basic design was that published

hy 45 L6 ‘ ‘ ‘
Hr, 45, . A schematic diagram of the detector head and

by Thacker et al
electronics is shown in fig. III.5. The principles used are relatively
simple, there are no moving parts, and the head is;thus compéct and
robust.

The operating principle for the 25#nm channel is the passage
of light of 254nm wavelength from a low—ﬁressure mercury lamp through
the sample and reference sides of the flow-cell, followed by the con-
version of this light by a phﬁsphor ﬁo green lightland.subsequent deféc—
tion of this by a green-sensitive photo-conductor cell. The amnount 6f
ultra-violet light falling on the phosphor, and the fesponse of the
photo—conductor, is thus proportional to the amount of absorbing maferial
in the light-path. | | |

The principle of the 280nm channel is essentially identical
to the 254nm chamnel except that the 280nm light is produced by excit-
ation of two phosphor rods at 254nm by light from the mercury lamp.
The detector head and physical arrangement therein is shoun in fig.‘III.6.

The electronic circuitry is arranged so tﬁat the resistance
of the reference photo-conductor controls the gain of the first-stage
amplifier. This ensureé that fluctuations iﬁ light intensity from the
source will be offset by a similar wvariation in the gain,'giving a more
stable output and thus é better baseline with respect to short-term
noise and fluctuation. |

The arrangement for zeroing the detector output on a chart
recorder in the CRNL detector was a variable résistor which acted as a
variable attenuator of the output signal. TPFurther adjustment of the
output magnitude was by a four-step voltage-splitting attenuator at the

output, and by application of an opposing voltage at the input of the
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.second—stage amplifier. Tﬁis had the effect of shifting the baseline
by discrete steps, so that the zeroing adjuster on the chart-recorder
could then be used to obtain a sétisféctory zerp or basellne position.
These three adjustments were simplified in the detector Built.for the
work herein, (see section 4.5). |

:The parﬁs of the detector which differ from those of the ORNL
detector will be described here. Further.diagrams and.information are

in Appendix € and in the working diagrams of CAPE 2002 4§

L.2 Construction of the Detector Head.

The CAPE 2002 diagrams give detalls of some fifteen components
'to be machined and assembled to form the detector head assembly. The |
detector made from the information in Thacker's papers requi;ed seven
components and less machining operatioﬁs. The two end-caps were sub-
staﬁtially idéntical with the ORNL specifications, aé were the two parts
of the tubular bedy. The main difference was in the design and construct-
ion of the detector cell and the cell-holder aséembly.

The cell-holder of the Loughborough detector Wés made in two
parts, (see fig. III.7). This gréatly simplified_the assembly and
glignment of components.

The f;ow—cell of the ORNL detector was made in four parts,
consisting of a block of rigid PVC in which.wgre machiﬁed apprépriaté
light-paths and transfer passages, ﬁith two stainless steel caps holding
coﬁnector tubes, the whole assemblylbeing held together by a screw and
retained in a eircular PVC holder, (fig. III.8). The Loughborough cell
(fig. IiI.9} was.macﬁined in brass with stainless steel connecting
tubes silver soldered into'the block. The mating surfaces of the bleck
were ground and polished to a mirror finish with progressively finer
grades of diamond powder to give a geood seal, and the whole assembly
was bright nickel-plated to give a corrosipn—fesistant bright finish.

The inside surfaces of the flow-cell were plated by using a fine platinum
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wire electrode through the centre of the hole. Thié did not give a
mirror finish to the sides of the holes, but the finish was improved
with polishing them by fepeatedly drawing a length of soft string through
the holes. Tt is probable that flow-dependence in similar detectors is
due to turbuleﬁce inducéd by a poor finish, so it is considered that.this
detail is of some importance with regard to the performance of the
detector,

A éell—design similar to the CRNL cell (fig. IIT.8) using a
?TEE machined block, but with the connecting tubes fitted into the block,
was found to be unsuccessful because of the difficulty of sealing the
tubes into the block. The solvents used in'these.sfudies, mainly
heptane and water/methanol, are 'séarching'; that is they ﬁend to.leék '
freelj through relatively small cracks and holes. _It is conéidéred
that, ‘for trouble-froe opevation, joints in contact with solvent should
be kept to a minimum, and thus the Loughborough design is superior to
the ORNL original in this respect. The Loughborough design also has a
shorter flow-path within the cell-block and is probably slightly more
efficient in the transferring of eluted compounds through the cell with-

out mixing.

1.3 The Phosphor and Colopr Pilter Assembly.

The phosphor used by ORNL wvas type 3382 made by Sylvania in
the U.S.A. Tt was not possible to obbtain this specific phosphor, but.
the information given by Théckerl“son the absorption épéctrum of tﬁis
and the type 2301 phosphor enabled a sultable alternative phosphor to
he obtained.

A suitable rhosphor was that used in the preparation of TIC
fluorescent plates, namely the Merck product lknown as ﬁésu. This
material was Ffound to absorb light in theé region between 250nm and’ 300nm
and emitted light of wavelengths between 500nm and 550nm (see fig.AIII.lO),

and was thus suitable for usé with the photoconductors and would respond
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to both 254nm and 280nm radiation.

This phosphor was made into a suspension (cé. 26%) in chloro-
form containing a small amount of polystyrene as binder. This suspension
was.applied as a thin layer to cone side of discs of;cellulosé'acétate
© £ilm, ca. lmm thick, which had been cut to the same diameter as the
active surface of the photo-cells. After dfying the resultant layer pf '
phosphér was found to bé reéponsive to U.V. light and wés'relativélj
robust. In later use, when the detector cell developed a:leak‘and the
solvent céntaminéted the opties, it proved possible to.decontaminate
the_pbosphor sﬁrface with a jet of ethanol with no subseQusnt deterior—'
étion in performance. The critical factors in the production of a

suitable.phoSphor were found_to be the concéntration of polystyrene
(which is U.V. opdque) and the thicknesé of the bhosPhor lafér (it is
necessary to produce as much as possible of fhe emitted 1igﬁt with@ut
stopping'its traﬁsmission through the'phosphor layer. Thé phosphors
produced in the above way have been reliable in use for about eigﬁtéen
months, and no deterioration in their performance.has been evident.
The green filter, necessary to remoﬁe‘wévélengths other than
those generated by emission from ihe phosphof, was initially.obtained
in the form of glass discs. These were too large to fit in the.final
detector_configuratién, could not be cut to size, and so another filter
material was sought. A dark green céliﬁlose acetate sheétrwas chosen, |
as the tranémission chéraéteristics-wére satisfactorj (fig. III.lO),‘and
it.could easily be cut into discs of fhe séme size as the pﬁosphor discs.
The phosphor, filfer and photeconductor cell were then ass- |
embled in a short length of pdlythene tube of the'same diameter; tﬁe~
whole of one such assembly was about 8mm in diamefer and 8mm long.
These assemblies were relatively easy to fit into their.appfopriate:holes

in the back-plate of the cell-holder assembly,.(see fig. ITTI.7).



4.4 TImproved Baseline Adjustment.

The bhaseline and range adjustment dn‘the ORNL instrument was
by two principles, namely, by voltage attenuation aéross various resist-
ors and‘by application of fixed voltages to the second-stage anmplifier
in opposition to the signal from the.first amplifier.

By applying an opposing voltage to the first-stage amplifier
it was possible to adjust‘fhe first-stage output, throughout the range
of the instrument, so that a sultable baseline_could always be estab-

lished without adjusting the recorder zeropoint. This was achieved by

balancing the étandihg voltage generated acréss the measuring photo-
resistor wifh a voltage generated across a ten-turn vériable potentio-
ﬁetcr, (fig. IIT.11l). The output of'the first~stagé amplifier could,
by.this means, be made zero. o

The use of this modification and a multi-range twouchannél,
recordef made the other ORNL adjﬁsting clrcuits unnecessafy. The mod—
ified circuit, when used with the recorder as descrilibed above, has been

successfully used over a period of two years.

5. Detector Performance.

5.1 Calibration.

The detector was calibrated by filling the heasuring cell with
solutions of known amounté of methyi iso-butyl ketone in n—héﬁtane.
The reference side was filled with pure n~heptane énd the chart recorder
deflections for each solution were recorded in cm deflection from a zero
point, set by filling both sides of the cell with pure n-heptane. .Ab—
sorbances of the MIEXK solutioné were determined with a.Unicam SP500
' ~spectrophotometer, The resulting values; plotted for both channels,_are
showmn in figs. III.IE ana ITT.13. The.first figure, with bothAaxes
linear, shows that both charnnels have non-linéér responses above a value

of about O.j'AbsofbanCe units. Figure IIT.15, with the Absorbance axis
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logarithmic, shows that the reéponse above the 0.3 Absorbance unit level
is essentially iogarithmic (i.é. the log—lin plot has a linear portion .
above 0.3A). |

This behaviour does not preclude the use of the reglon above
0.3 A.U., but does mean that concentfation of solutes is not lineérl&-
related to peak height in such cases. Since most analytical'procedures‘
make use of calibration graphs determined experimentally, from measure-
ment of detector response'to known solutions, it follows that the non-
linear detector response is not a significant diffiéulty. The response
‘for both channeis'at levels beiow about 0.2 AU, is essehtially liﬁear,
within experimental error.

The 254n1 channel uses essentially ﬁonochromatid light as
explained earlier., For this reascn the quantitative measureﬁents to he
made in these studies were made using this channel, to avoid the diff-‘
jculties imposed by the wider spectral band-width of the 280nm channel.
The 254nm channel also has a batter response per uni£ deflection than
-thé 280nm channel and thus gives greater sensitivitj. Values obtained
from fig. ITI.12 for this response are 0.03 A;U/cm and 0.06 A.U/cm fér
the 25inm and the 280nm channels respectively, showing that the 254nm

channel has twice the response of the other channel.

5.2 Noise and Baseline Stability.

The noise level.and baseline stablility of é deteqtér ére in-
fluenced by several factors. Some qf these factors are inherent in the
detector design while others depehd on the operational situation in
which the detector is used. |

The first set of factors, those inherent in the design and
manuféctufe of the detector, may be divided'into physical and electronic
effects. The eieotronio effects may arise from instability in the
power-supply, poor insﬁrument cénnections, instability of the mercury

lamp and both short- and long-term fluctuations in the responses of
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individual photo-conductor cells. In this detector the first®three
causes are largely eliminated by choice of suitéble components and due
care in running the machine. The stability of the'photoaconductor cells
is good In controlled conditioné but does change ﬁith rise in‘temﬁerature.
This is because the cells are photoresistors and resistance.is related
to the tem?erature of the.material. There is also a thermal effect on
the preduction of electrons in the photoresistor, which teﬁds'to give
rise to random noise and make short-term stability worse. |

Physical factors mainly arise from the runﬁing conditions of
the chromatograph. The fiow-rate and temperature of.the eluate sﬁrgam
can be criﬁical, éspecially at high detector sensitivity; maihly because
of optical effects in the flow-celil arising from a velocity gradient or
from a temperature (and hence Refractive Index) gradient acr;ss the celi.

| Temperature is thus an important parameter in the operation

of this type of détector. Brooker62 described the modificatién of a
commerclal detector_to give better temperature control and deScribes
the considerable decrease in noise level obtained. Although he attrib-
utes this impro#ement to reduction of the physiecal, i.e. optiecal,
factors, it would appear from his.data that a large contribution to .
the imprbvement was made by cooling the photoresistdrs. Iﬁ has been
found In practice that, iﬁ this type of detector, the heating effect of
the mercury lamp is éonsiderablé, and that heating of the ingoihg tube,
;arrying eluate,.by convection from'the lamp housing can leaé to a véry
unstable baseline at high sensitivity. The detector should.be cooled
In such circumstanées. : |

Cooling was achieved by making a tight—fitfing fbur-turn coil.
of %" o.d. copper tubing to fit the outside tubing 6f the detector-head.
This tublng was cénneoted to'a similar coil immersed in a water—bath,
and tap-water‘was passed through these coils; The coil around the de-
_ tector-head also acted as a clamp to hold the head.in posiﬁion;

. Brooker used a heat-exchanger arrangement between the column



and the detector, but this was considered to add £oo much dead—voiﬁme

to the detector and was thus not used. The short 1engfh of.fubing.be_

tween the colum and the detector was insulated wifh polysfyrene foam

so that no convective heating or cooligg could occur at that poiﬁt.
Results of this cooling arfangement are shown in fig. III.14.‘

The decrease in noise, particularly the short-term noise associated with

pump pulsations (frequency 70 cyeles/min.), is very significant, and

detector cooling was thus used as a routine procedure. The principle

was extended by using ice-water coollng to reduce the detector temper-

ature to aboub lOOC. This gave a further slight improvement in baseline

stability.

5.3 Summary of Detector Design and Performance.

The detector as built i1z similar in design to the ORNL de-
tectpr with differences noted in section ITI.4. The noise-level under
best running conditions, (see fig. III.14), is of the order of 0.001
Absorbance units, which gives a linear operational rahge of about 300
(i.e. 0.00L to 0.3 A.U.). This is considerably smaller than that quoted
by Snyder and Kirkland “for commercial detectors, (see Table'III;l),
buf is considered adequéte for the preSent work;‘it is in better agfeé—
ment with the data given by Varian.Aerographle, and, if one takes the
figures fof upﬁer limit of dynamic rahge (2.56A) as tﬁe basis for.
claiming a linear éperatiﬁg range of 5;000, then the Loughﬁorough.detec—

tor performs as well in the higher sensitivities as commercial instruments.
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Fig. JIT.14, Detector Baseline Noise ILevel at Maximum Sensitivity.

A Without detector cooling.

B With ice-water cooling.



- IV QUALITATIVE CHROMATOGRAPHY.

1., Intrbducﬁion.

Studies on a number of chromatographic systems will sub-
“sequently be described, particularly directed to the develqpmént of a
sjstem which would resolve adequately.the‘maiﬁ coﬁponents ofVWOrkiné
Sélutiﬁn for later quantitative evaluation. ° The two main.cémpoﬁeﬁts
of interest, EAQ and HﬁEAQ, were used as the-main test compounds in the
investigations since resolution of these two is a pre-requisité for'a
'suitable systen, o

Iﬁ order fo presént‘thé data obtained from qualitative work
in é form suitable for comparative studj it is necessary to defihe.and
éxplain various parameters and propértiés of column systems. Tﬁe theory
“of column performance is briefly discussed,_with related practical
'coﬁsiderations, in section 2. A more compiete freatmént may be fopnd
" in standard textsto?11r 12, |
Similarly a brief account of the properties of solvents, with

respect to ehromatography, is glven in section 3. These properties apre
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relevant to all the types of chromatography used.
The properties of the respective column packing matefials

will be summarised in the appropriate chaptefs.

2. Colum Theory.

2.1 Expressions‘of Measured Column Performance.

The measurement of chromatographic peaks, and the examination
of the data sc obtained using cértain fecognised expreséions, gives the
chromatographer‘quantitative information on the effect of.changes in
variables in the chromatographié system.‘ Optimisatién,for separation
or for speed, may often be carried out expeditiously by using data from
" exploratory runs, in conjunction with known behaviour of similar column
systems,.to predict the performance of a particular column under a
fange of‘operating cbﬁdiﬁions. These expressions and the fype of in-
formation derived from them will be briefly described, proofs and .
derivations of these relationships are omitted but may be found in the

standard texts.

time —>

Fig. IV.1l. Peak M=asurement Parameters.
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2,1.1 Capacity Factor, k', and Separation Factor, o¢ .

The capacity féctor, X', is definéd_as'the ratio of the molar
concentrations of the solute in the stationary and in the moving phases.
From this relationship; essentially the distribution Céefficient for
the-solute, a practical metﬁod of determination of k' may be derived,

and this is expressed as:

where ‘the terms are those shown in fig. IV.1l. In this figure t, rep-

0
.resents the time required to elute a non-retained solute, tﬁ fhe‘
retention time of ‘a peak, and w the width, in time units, of the ﬁeak.
It is apparent that in order to separate two peaks, their .
respeétive k' values must bé significantly different. 'The necessary
difference will depend to some extent on peak width, and'thus on the
columﬁ efficiency; A measurs of the‘separation may be given by the

separation factor, o<, where:

kl
2
ol = LN
1

The value‘of k' is op£imum petween 1.5 and 5.0°2. Values below
this impl& very little interaction with the colurm packing, hence little
chromatography occurs. Valges of k' much above 4 imply.excessive inter-~
action, with atténdant band—spreading aﬁd tﬁg production of ﬁide,

flattened, peaks.

2.1.2 Resolution, R.

The amount of_separatiqn és expressed'by the éeparation_factor,
o gives some  indleation of the selectivity of the chromatégraphic
system with regard to the compounds undér Qtudy. The degree of resolution
between peaks, that is, the amount of overlap or interference of the.
adjacent peaks, is also dependent on the peak width. Wide peaks will

obviously need greater separation from adjacent peaks than narrow peaks
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to achieve good resolution. The resolution, R, of a pair of chromat-
ogravhic bands is defined as being equal to the distance between band
centres, divided by the average band width. In the térms'used in fig.

iv.1:

(tR - R)
2 1
2V 2
This expression is useful for determining fhe resolution
achieved by a system. Another expression for R, in terms of o, N and

k', used in prediction of resolution with respéot to other column para4‘

meters, is discussed in section 2.2,

2.1.3 Column Efficiency, N, and Plate Height, H.

Band width of eluied compounds is dependent on the efficiency
of the column. The efficiency is usually given as N, the theoretical
plate number, where:

to 2
TN=1216 |—
W

The number N relates only to a-specific column and columm
arrangement, since N is dependent on several band-broadening processes
and thése will differ from column to column.. It is usually foﬁnd that
ﬁ is approximately constant for different peaks in archromatograml

| .If follows'thgt if a given éolumn'of length ILem has an effic-
iency of N plates, then the height‘of.a single theoretiéal plafe, H, ié

‘given by:

H =

=

The height H is also termed the 'height equivalent to a
- theoretical plate', HETP. The band-broadening processes previously
menﬁioned may be described in terms of the sum of the individual cont-'

ributions of each process to the overall HETP:

H = .
1 HP + Hy + Hyg + Hy
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The terms represent the contributions from packing 1nequalit1es
(HP) 1ong1tudlnal molecular diffusion of the solute in the moblle phase
(Hb), mass-transfer in the stationary phase (HS) and mass tranofer in
the moblle phase (HM) Each of these will now-oe briefly conSidered.

The physical characterlsulcs of the packing materlal, that is
the size‘and shape of the particles, and the regularity of their packing
in the column are the.two factors controlling H?. Thie term‘may be
minimised by using small-diameter particlés.of very uniform size and
shape in. very well-packed, homogeneous,.columns. |

Tongitudinal molecular diffusion depends on the relocity of
the solvent flow, hence the solute residence time in the colum, and
also on the degree to Which.diffusion is limited by.the particles of
packing. The Hb term ﬁay be miniﬁised by using high flowurates and

~small diameter particles. -

The mass-transfer of the solute between the mobile and stat-
ionary phases, and also mass-transfer Within these phases, will contribute
to the HS and HM terms. In a situation where the solqte is continuously
equilibrating between the mobile and stabtionary phases, that is, in
chromatography, it 1s necessary to have as rapld an equlllbratlon as
possible in order to avold band—broadenlng. It follows that, if flow
through a columm is very rapid, the equilibration will not be complete
and_solute on the stationary phase will still be desorbing when the main
solute band has paseed forther down the colurm. The term Hﬁ may‘thus
he minimised by operating at low flow-rates to allow full equilibration
to take place. The plate height contribution of.HM, that is.of mass
transfer in the mobile phase, is dependent on the particle diameter,
packing structure, diffusion coefficient of the solute in the mobile
phase, and on the flow veloeity of the solvent. The.dependenoe on par-
ticle diameter is as a squared power and is of ﬁarticular importance.

Hﬁ decreases for regularly packed, tight—packed colunms of shall—dia-

meter particles, thus producing a larger surface area in more intimate
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contact with the whole of the solute band.

The conditions required to optimise H conflict for the various.
Fterms involwved; a compromise for fhe rate of flow has to be chésen so
that a.satisfactory efficiency can.be obtained. The need for the cblﬁmn
packing to be as small, uniform and regularly-packed particles is common
to all terms, and is a prerequisite of virtuaily all high efficiency
colums. The pellicuiar‘typg of packing is, at first sight, an excep-
tion to this generalisation but does conform to the same type of behav-
lour as small particles becéuse a large proportion.éf thé relati#eiy
rlarge diameter is inactive and thus cqntributes nothing to the packing
and flow behaviour. The thin pellicle pf active material then approx-
imates to the small diameter particles with respect to contributions
to H. ]

To summarise, therefore, we may say that highest efficiency
is attained by columns which have been packed %ightly, cafefully and
in a very homogeneous manner, with a packing material qonsisting of
particles with a small diameter and with a narrow range of particle
diameters. Such a colum should be operated at a relatiﬁely low floﬁ-
rate to obtain the maximum N value, but the flow-rate used must also be
suitable with regard_to the length of {time allowed for each ahalysis.
The solveﬁt should ideally belof lﬁw viscosity to allow bettef robile-
phase maés—transfer of the solutes.

A source of lésses of efficiency not covered in the'above_
diSCﬁssion is the contribution of extra—column‘Band-brdadening in con-~
necting tubing and colum ehd~fittings. This is greatly minimised by
correct design of apparatus, using minimumfdeaduvolﬁme fittings aﬁd by
keeping connecting tubeé, for éxample between the cqluﬁn and detector,

as short and as straight as possible.

2.2 Bxpressions Used in Prediction and Control of Performance.

A full account of the various expressions is given by Snyder
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and Kirklandll, chapter 3. Expressions of the dependence of pressure
on various column parameteré and.aiéo of the relationship of analjsis
time to other'parameters are given, but the main predictive aid for
qualitative séparation work is the eguation for resoluﬁicn, R.

This is given as:

. t
= %I (?Cf;) Nkl'{+l
(1)  (i1) (1ii)
and may be sub-divided into sections representative of different brop—
erties of a colum. The terms as shown above are essentially independent
of each othér and can thus be considered, and optimised, separately.
Term (i) represents separation seléctivity and is.dependent
on the chemistry qf the interactions between solutes and the chromat-
ographic system. It may be altered by chénginé the compqsition of thé
mobile or the stationary phase. . |
The second term, proportional to the efficiency of the‘colﬁmn,
is dependent on the factors described iﬁ seetion 2.1.3. This term is
usually altered in praétice by chenging the colﬁmn length,;L, or the
solvent flow—rate;
_The final term may be varied by a cﬁange of solvent strength
or solvent functionality so that appropriate k' values may be_obtaiﬁed.-
It may be seen that the compositioh of the mobile phase is of
conslderable importance in the determinatioﬁ‘of the chromatographie
characteristics of the separation system; a detailed uﬁderstanding of

these effects is necessary in order to obtain best results.

%. Mobile Phaze Properties.

3.1 Solvent strength.

The solvent strength parameter,&cx has been defined as 'the
adsorption energy of the solvent per unit area of the standard activity

surface! . This definition was presumably intended for use in adsorption
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chromatography however, if solvénts are arranged iﬁ order of E,O, a
generally appliqéble séries of soclvent strengths éppears. Thié series
differs for different.adsorbents and purposes, but only in minor detail.
The respective positions of solvents in the series is a measure of their
ability to displace other solventsAfrom a specific adsprbent, and_con—
sequently is a guide to thelr polarity and to their use in chromatography.
The series obtained b& use of the parameter, ELO; is fermed the
eluotropic series. A selection of the solvents used:in these studies
ig given in Table IV.1l, together with some other common solvents. The
viscosity and UV cutoff values are included és being further important
factors in the choice of suitable solvents.

If a suitable pure solvent cannot be found it is néceésarjuto
use miitures of solvents to ﬁbtain appropriate characteris%ics._ The
calculation of an'E.o value for a mixture may be comblex,rbuf rule-of-

03

thumb procedures, and others™ based on tables previously caleculated for
several possible mixtures, may be used to quickly find a suitable

solvent system.

3.0 Secondary Solvent Effécts.
These may.be due to specific interactions.of the solvenf with
certain fﬁnctional groups on the solute or on the éhromatographic
suppéft, as for example in hydrogen-bond fq?mation.. These types of

63

Ainteraction are discusséd in detail by Snyder -and need only be mehtiﬁned
herein.

The specific interactions ﬁossible between solvent and other |
species may be 2 valuable aid in altering the specificity of adsorption
of some species relative to others from which they must be sepérated.

By use of a suitable solvent system, of a_similar € © value but different
selectivity characteristics, it is sometimes possibie fo effect otherwise .

difficult separations.

The solvent system selected must also be compatible with the



Properties of Some Chromatographic Solvents (a).
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Table IV.,1

Solvent

n-Pentane
iso-Octane
n-Heptane

‘Carbon Tetrachloride
iso-Propyl Ether
Toluene

Mathylene Chloride
Dioxéne

Ethyl Acetate
Metﬁyl Acetate
Amyl Alecohol
Diglyme (b)(e)
iso-Propanocl
Ethanol.

Methanol_

Water

£ °(A1203)

0.00
0.0L
0.01
0.18
0.28
0.29
0.42
0.56
0.58
0.60
0.61
0.82
0.88
0.95

large

(a) Largely from ref.63, pp 194-195

(b) Biﬁ(2~methokyethyl) ether

Viscosgty'
(cP,20°C)

0.2%

0.37
%.10

2.30

- 1.20

0.60

1.00

UV cutoff
(mp)

210 |

210

210

265

220

285
25

220

260
260

210

220 .
210

- 210

210

150

(c) Inferred from ref.64, and from experimental observations.
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compounds to be separated, should allow the detector ﬁo function at

high enough efficiency and sensitivity, and preférably should be easi;y_

removed to permit recovery of eluted compounds. |
The function of the solvent is not simple, as indicated abo%e;

and is probably the most important.factor in attainiﬁg good chromatogfaphy

in IIC and T3C. .Solvent properties are not so important in gél chrom-

atography, as interacﬁions afe minimised in this chromatographic mode.
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V. QUALTTATTVE REVERSED-PHASE LIQUID-LIQUID CHROMATOGRAPHY.

1. Introduction.
The use of reversed-phase liquid-liquid chromatography in this
study was limited to the use of the bonded-phase material known as Zipax

0DS Permaphase.

1.1 Bonded-Phase Packing Materials.

The difficulty of maintaining a stable sufface coating concon;
tration of the'commonly used liquid—liquid chromatography stationary
 phases whiie‘invcontaot'with chromatoéraphic solvents has led to the in-
ﬁestigation of methods of bonding various'organic‘moleculeé to solid
support materials. The large amount of work published on these topies

65 €6,67

has been summarised ~ and reviewed The main methods of forming
the bonded surface-layers.are by estefification, by Grignard reaction

or by éilicone formation.‘ The packing used in the present studies was
of the siiicone type.

The reaction of surface hydroxyl groups of silica with c¢hloro-
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organosilane compounds leads to the hydrolysis of the chlbrosilane and -

the formation of a silicone compound with the original organosilane group

bound to the surface:

R3Si ClL+ HO-

-
—> R3Si—0“—/

\\”\\_\r

If the reagent used is a dichloro- or trichloro-silane, there
is in addition the formation of cross-linking bonds between adjacent
organo-silaﬁe groups, leading to formation of a surface-film of silicone

polymer under suitable conditions:

0§
Cl3 Cly i .R

| — -0 éi 0—Si—0-
o 200y + 0

I O

This latter type of reaction is most commonly used for the

preparation of the silicone types of packings.

1.2  Zipax (DS Permaphase.

This packing is a siliconised version of the Dupcnt product
Zipax, which is a pellicular silica packing material with a chromato-
graphically inert surface of silica in the form of 'microspheres' which

are fused together and to the surface of the core, This surface is
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siliconised by a treatment with octadecyltrichlorosilane, which gives

a surface-bonded polymer coating of octadecylsiiane groups.  The octa-

decyl group then normally acts as a parafflnic ourface coating in IlC
As the packing has a particle size of approx1mate1y 20 to 37

nmierons, it may be packed by simple tap-fill methods.

- 1.% Mode of Operation,

The mechanism involved in reversed-phase_liqﬁid—liquid‘chrbm-‘
atography is the partitioning by solubility of é solute between two . |
.‘liquid phases, where the less polar liquld is the stationary phase.
The most common solvent systems used with ODS Permapﬁase are wéter-
methanol mlxtures, in appropriate proportions., -

A Du Pont publlcatlon68 indicated that EAQ could be readlly
separated from the 2-tert-butyl and 2-methyl analogues using an ODS
Permaphase column and a solvent consisfing of a 1:1 mixtﬁre of hethanol
and.water. Although the wvarious reaction products of TAQ in Wérking
Solution do not differ from EAQ in the same respect as theralkyl ana~
logues it was felt that this sysfem was a good starting-point for this

investigation.

2. FExperimental.

5.1 Reagents:

Zipax ODS Permaphéée (E.I.bu Pont, Instruments 5ivision) was
used as reéeived.

Methanol, laboratory reagent grade, was nét treated further.

Water, double-distilled, was taken as required from the lab-
oratsry supply.

Working Solution components as listed in Appendix A.
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2.2 Column Preparation.

Two colums, of 1.2m and 80em respectively; were prepared by
the normal tap-F111 method.- Columns were of " 6.d. stainless steel:
'tubing with a stainless-steel sintered fitting at the oﬁﬁlet'endrand a.
quartz-yarn plug at the inlet. Thé_columns'weré éluted after packing

- with pure methanol to remove bubbles and ensure removal of any residual

contaminants prior to chromatography.

2.3 Chromatography.

2.35.1 Chronological Order of Studieé.

It ié necessary, in order to understand the pattern of the
studies described in this chapter, to have an idea of the chronologié;l.
order of thé experiments. At the beginhing of the experithtal work,
'when the instrument had been constructed and shown to be operational;
if wés decided to begin the chromatographic studles on ODS Permabhase.
The studies on the 1.2m column date from this period, when 'téething |
troubles' were still being encountered in the instrument.

‘Much later, at the period coincident with work deseribed in
Chapters VII and VIII, it becamé necessary to fe—éxamine the ODS Perma-
phase sysfem. This was done using the 80cm colum, for technical

reasons which will be given in section 2.3.3.

2.%,2 Chromatography Uéiﬁg the 1.2m Coiumn.

The solvent composed of 50% methanol/50% water as indicated
_ in section 1.3 was made; It was found that'iafge amounts of dissolvéd
gases were present in this and in other methanol/waﬁer mixtures,.so that
it was_necessary'to apply a low_vacuum to the solvent in a eclosed flask..
for up to 5 minutes in order to stop bubble formatiqn‘in the detector
celi.

When samples of a mixture of HqEAQ and EAQ were applied to ﬁhe

column they were eluted as a single unresolved band some distance from
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the void‘volume position. 'Samples of WOfking Solution gave a similar
broad pealk, with some small ﬁeaks closer to the void volume'positioﬁ.

Other concentrations of methanol, from'75% to 25%7m.e'thanol in
water, were used With similar reéults. The peaks obtained'for.a mixture‘
of ﬁuEAQ.and FAQ merely chaﬁged in‘widtﬁ and posit;on; but were hot |
resolved. At no point in these experiments was even partiai resolution
of the mixturé of the two principal components observed.r |

These results, obtained over.a wide range_of solvent eharac-'
teristics, showed that the systém was not capable Qf giving the résolu—
tion required, although the injections of a mixture of anthraquinoﬁe,
2-methylanthraguinone, 2—etﬁylanthraquinone and é?tert—amylanthraquinoné'
viere readlly resolved using the conditidns giﬁen by Dupont68. This .
indicated tﬁaﬁ the problem of resolution of HﬁEAQ and EAinés consid~"
erably more difficult than had been anticipated.

The negative results obtained here led to the direction of :
research being altered to a different type of chromatography,.namely
liquid-solid chromatography, the work on which is reported in Chapters

VI to X.

2.3.3 Chromatogréphy Using the 80cm Column.

Iater during the liquid-solid chromatography’étudies informa~
tion obtained from Iaporte69, intimating thgt separatiohs of major W.S.V
components could be obtéined using ODS Permaphase; led to a re-examina-
tion of this system. .

The original 1.2m CDS column was re-installed in the machiﬁe
but gave results identical to those originally obtained. In order.tor
ensure that the column used was well-packed it Wés deqided to pack
another colurn with greaf care. An 80cm Pye-Unicam célumn was prépared
and clearned in the usual manner and was very carefully packed with ODS
Permaphase.

The resulting column gave similar results Lo those bbtained with
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the l;2m column, except that the peaks obtained were slightly narrowér,
indicating a better packing of the column. - The system still'gave no
indicgtion that separations of H#EAQ aﬁd:EAQ'éould be obfained.f -

| Farther information from Iaporte'69_showed that sbmé séparations
- had been obtained using a Varian HfIC system equipped with a constant-
temperature oven and operated at elefated temperatures. All the studies
so far reported had been at room temperature, and 1t thus appearéd that
the increase in temperature was a particulariy'critical factér.

.To test the effect of temperature.it was decided to instal the
80crm column in an oven and operate it at higher temperatures. A Gall-
enkamp drying oven was converted to glve a finer temperature éontrol
by switcﬁing the heater with an electronic relay operated by a éontag£

_thermometer; A motor-driven fan was also insfalled in thé roof of the
oven to provide a greater measure of alr-circulation. The column was
installed, in a U-shape, inside the oven, with the-injector and detector
wnits just outside the oven,

The effect of temperature on the chromatography was found.to
be marked, At 4000, indications of some séparation of H#EAQ and EAQ
were obtained usingia 50% methaﬁol/water solvent. Raising the temper-
ture toIGOOC reduced the éeparation slightly compared with that which
had been obtained at 40°C. _ | :

Reduction of the methanol content‘to 45%.gave.slightly better
| separation than with thé 50% solvéﬁt, and it was élso found tﬁat HSEAQ
eluted later than HﬁEAQ, as a Well-séparated rounded peak, at about 6000.

A:further reduction of methandl.content, to 40% methanol,
gave a significant separation (R about 0.5) of the HﬁEAQ and BEAQ peaks
at 6500, vhilst HSEAQ was completely separéted'from this double peak.‘

A 35% methanol soluﬁion gave a resolution of R‘appréximately
0.6 between H,FAQ end FAQ at 45°C, but the peaks obtalned were rounded.
A similar separation was obtained at 5500 but with-éharper.peaks.‘

Throughout these studies involving the oven it was found that
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the temperature fluctuations of the oven, and hence of the colum eluate
flowing through the detector, caused relatively large cyclic_fluctuaﬁions
in the baseline, making the interpretation of the chfomatograms diff;
icult, in some casés. It was nof possible to further modifj ﬁhe ovén

to reduce the fluctuétions, although various measures, such as Wrapping
the column in metal foll,were examined with limited success. Iﬁ wds

" not feasible to purchase a constant-temperature oven of the performancé
Ifequiréd. In.view of the difficultieé involved, and considering the
relative success of the LSC studies rumning concurréntly with the LIC
studies heré described, it was decided not to proceed with reversed-

phase liquid-liquid chromatography.

"3, Conclusions.

The (DS Permaphase/aqueous methanol.system was shown:to bé
.incapable 6f resolving the two main components of WOfking Solution at
room temperature.

Tﬁe same system alt elevated temperatures gave some resolution
of HAEAQ aﬁd EAQ, and completelﬁ resolved HSEAQ. It is considered thét.'
this system might be improved to give a performance suitéble for the
purposes of the investigétion, but that such improvement and optimisQ'
ation would take a considefable time. 'In o?der to avold probable dupQ
lication of this.work éf Taporte and Léughborough it was decided ﬁhﬁt
the liquid-liquid chromatography sfudies éhould be diseontinued at |

Loughborough in favour of liquid-solid chromatography.



VI QUALTTATIVE ADSCRPTICN CHROMATOGRAPHY

ON ALUMINA AND MODIFTED ALUMINA

l; ‘Tntroduction.

Alumina is widély used as anladsorption‘chromatographic
materiéllboth in column.and in thin'layer chromatography. A.considerable
body of‘knowledge exists on the'varioﬁs aspecté of the cﬁromatographic
use of alumina; a cbmprehensive account of this and other adsorption
chromatographic subjects has been given by Sn&deéi? A brief account

“only will be given of the chromatographic cbaracteristics and_their-

modification for alumina.

1.1 Properties of Alumina as an Adsorhent.

Of the various crystalline forms of alumina which are.stable
or metastable.atnRoom Temperature, that which is.generally used in |
chromatography is an.impure form of Xgalumina. The-surfacé structﬁre.
is complex, due to various lattice defecﬁs and varyving amounfs_bf
strongly and weakly adsorbed water. The degree of hydration of the

alumina used in chromatographic studies is of great importance to the
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type éf separation obtainable. Maintaining a stable hydraﬁed surface,
or a'reproducibly deéctivated surface, may be considered'as one of' the
chief difficuities when working with alumina, and is usuéliy overcoﬁe-
by either using water-saturated solveﬁts 6r a solvent conﬁaining an'
alcohol which playé a similar role'to that of‘Water'on ﬁhe'active surface. -
It is known that several types of reactionsTlmay be catalysed
By basic alumina packings, éo that samples containing susceptible mét—
érials, when applied to such a column;may react”during the separatién
to form completely different compoundé; A typidal example of this be-
haviour is_found in the simple aliphatic ketones,‘suqh as acetone, Which
undergo a base-catalysed aldol condeﬁsation and thus should not be used
as solvents.in chromatography on alumihé. ”
Tﬁe initial activity of the alumina i1s genérally.controlled
by pre-drying the powder, at about 150—20000, énd then adding a known
ambunt of water. The water thus added rapidly equilibrates over the
whole surface, which then has typical polar adsorbent propertiés, and

is particularly useful in the separation of compounds according to the

73, 7!

‘number of olefinic double bonds or aromatic rings in the sample molecules.

1.2 Modifications to Alumina.

The ability of certain aromatic nitro-compounds to fqrm mole-
cular complexes with aromatic compounds possgssing an ektended‘ring _
system was used for the-preparatioh of derivatives fbr qﬁaiitative
identification purposes, e.g. pieric acid complexes with anthracene;
phehanthréne, ete. More recently the. compound 2,4,7-trinitfofluoreﬁone‘f
(TNF) has been used in this context by drchin and WOOlfOlkT? who also
described in their paper how an anthracene-TNF complex,.when chromat-
ographed on an alumina columm, ﬁas quantitatively dissociated into its
compoﬁents, leaving the INF adsorbed on tﬁe colwm1.-

'Recently this phenomenan has been applied in thé field of‘

HPIC by Karger et'alYB using TNF-impregnated Corasil I colums. Corasil

L)



I is a pellicular silica adsorbent, and Karger found.that, using dfy
heptane as eluant, a useful separatlion of several polycyelic aromatiec
hydrocarbons could be achieved. A similgr'type of chromatography in-
volving molecular-complex formation with a_siiver—impregnated.'ZipéX'
column éave separations of several.aza—heterocyclic compoundé?§ The
potential of this type of chromatography is thus not limited to simple
aromatic hydrocarbons. |
- It was consldered that the ability of alumina to adsorb TNF

could be used to prepare a stable phase which could undergo reveféiblé
molecular-complex formation with planar'ring systems, such;as EAQ,

EAQ and HBEAQ, and that these compounds might be SeRu@ted according
to the number of aromatic or aromat10/ﬁu1n0n01d rings present in the -

compound. This idea was examined as described herein.

2. Expefimental.

2.1 Reagents and Adsorbents.

Heptane, as 'niHeptane to I.P. specification', was obtained
from B.D.H. Ltd., and was dried-ovef Sédiumf

2,4,7—Trinitro—9—fluorenone was obtained from the'Aldrich.
Chemical Co.Ltd., and was used without further treatment.

Several types of alumina were used? being 6f different sieve

fractions, activities or basicities, as indicated in each experiment.

2.2 Preparation of Adsorbents and Columns.

2.2.1 Alumina Packings.

A suitable amount of aluﬁina was dried at 15000 overnigﬁt,
(16 to 20hrs), allowed to cool in a stoppered conical flask. Samples
were deactivated , if necessary, by addition of a measured amount of
water, followed by vigorous shaking for 5 nlnutes‘and flnally belng

sllowed to stand for one hour. The alumina was then packed in straight,



dry stainless-steel colums which had been previously cleaned with
various organic solvents. The tap—fiil method (Ch. II, 3.2.1) was used
with each added portién being Sufficient to fill-about_5mm Qf the'cqlumﬁ.
The co;umn was fitted at the inlet with_a stainless-steel sinter or
quartz—yarn plug, and was fitted af the top eﬁd with a short extension
piece and fumnel. This allowed column paéking to be carried on'past

the end of the colymn 50 that when it was packed to the bottom of the
funnmel the exfension could be carefully removed and a suitable column.

end-fitting could be attached.

2.2.2 TNF-Alumina Packings.

~ The alumina to be‘uéed was first dried as in 2.2.1, withoﬁt
watér-deactivation. When cool, the requlred amount of TNﬁ.was added
-to the flask, followed by enough acetone (dried over molecular sieve
BA) to form a thin slurry. The flask contalning the slurry was then
fixed to a Buchi 'Rotavapor' unit and was rotated for a few minutes
prior to application of vacuum., The vacuum was then applied and the
aoétone wés removed at room temperature, leéving a free—flowing éowder.
This powder was then extracted in a Soxhlet apparatus with sodium-dry
n-heptane for 2% hours.to ensure_that no readily extracfable material
reméined and was dried in the Rotavapor unit, ag@iﬁ, to a free-flowing
mardon powder,

This powder Wés packed into columns in a'similar manner"to 

fhat‘used for the unmodified alumina.

2.% Chromatography on TNF-Impregnated Alumina.

2.%,1 Chromatography on 0.2% TNF-Alumina.
Kﬂrgéf?Sused a loading of 0.1% TNF on Corasil T colﬁmns.

Since the alumina used herein has a higher surface area than Corasil I
a higher loading of 0.2% TNF was chosen to attémpt to achieﬁe similar -

regults,.
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‘A 0.2% packing was made aé descfibed in section 2.2.2, using
J 1Cg of 'Camag' neutral alumina, Brockmann activity 1, sieve rénge 100-
'200. It was packed in an 80cm Pye-Unicam column; of 2" 0.d., and was
conditioned by rumning with dry heptane for one hqur. Samples of-
Working Solution components were ﬁhen injécted.

The results obtained for an injection of O.2§gl of 1% H#EAQ
and 1% ERQ, at a flow-rate of‘O.lSml/hin. of dry n-hepténe, are shown

in Table VI.1.

Table VI.1.

0.2% TNF-Alumina, Column 80ecm x 2mm i.d.

Compound tR(mins) k! ' R. : N

H,EAQ 11.25 0.91 ' 268
: | _ : 1.00

EAQ ' 1%.85 | 1.35 ' o 158

These results indicated good separative potential for the

system. A secondrcolumn was made using a finer sieved fraction, of
" 120 to 150 mesh size, of the same alumina used above, impregn&ted as
before. This column, of length 5 feet (i.5m) was packed and then was
connected by a stralght adaptér to the above 80cm column; This increase

in length to 2.7m was made to obtain greater efficiency and thus better
separations. .

An investigation wasrmade of ﬁhe:effect of solvent floﬁ-ratg

on the efficiency, N, and on the resolution, R, for this column. Samples
of ipl of a mixture of 1% HAEAQ and.l%'EAQ.in Sextate Solutign were injected

and were eluted with dry n~heptane. The results are shovm in Table VI.2.
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Table VI.2

'0.2% T™NF-Alumina, 2.3m Column, Effect of Flow-Rate.

. : : b
Flow-Rate ‘ t_EAQ N ' N ' R
(m1/min) : (ﬁin) THEAQ - EAQ

1.7 6.3 - 150° Szt 0.45%
1.1 | 10.3 | 262 177 . | 0.70
0.55 20.8 611 356 1.05

10.30 51.0 688 s 1.70

a Separation poor, results estimated

b Separation factor for HﬁEAQ/EAQ B e

| These results indicated that good separations of HAEAQ an@
EAQ could be obtained at low flow-rates,'i.e. less thén 0.5m1/min, but
that analysis times would be long. Thié behaviour is tjpical of ‘large-~
. diameter porous packingS? where mass-transfer is slow and good equil-
ibration 1s only obhained at slow flow-rates. At thislstage, however,
a fast analysis was not considered as important as good separafion, and
the lower flow¥rate.was used in.furthér investigations. 7
Samples of H8EAQ, HﬁEAQ and EAQ were appliéd,lseparately_and
a$ a mixture, to the column, later followed by a Working Solution (WS) sample.
A good sepération of_the'WS sample into four 1arge peaks was correlated
.with peaké for the main components as shown in Table VI.3. . |
| " The k' values of peaks obtéined on injeotion of WS.correspond
“almost exactly with those of peaks obtained on injection of pufe comp-
ounds expected to be present, which indicates that the peaks obtalned
from W3 contained these compounds. ihus peak B contains any HBEAQ in
th¢ WS,'but is not necessarily wholly due to HSEAQ. Similarly, the
other WS peaks may be correlated with HAEAQ, EAQ and Aromasol_solvent.
Peak A, that is due to Aromasol, is effectively un-retained
by the column, and as a non-interacting band gives a meaéure of the

maximum efficiency possible for the colum system. This is about 1180
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plates, whicﬁ gives a minimum plate height of l.95mm, which indicateé '
the reiatively low efficiency of the packing material.- Additional
information is obtainable from the data in Table VI.3. The values 6f
N and R for the peaks obtained in the WS experiment were wider fhan for
pure compounds, which suggesté that the separation mechanism is of two
parts, namely a main separation by number of aromatic or quinonoid ringé
in the solute, and a further, smaller,-séparation based on other chem;
ical differences between solutes. This migh£ be expected with TNF-
alumina under these conditions, where the predominant mechanism of both
TNF and alumina should lead to sepafation mainly by doublé;bond charac—
ter of the solute. Such residual effects as would affect trace components
of WS, with'other éhemical structural featurés from the main chpoundé,

would lead to slight band-broadening within the main 'gfoupf band.

Table VI.3.

Comparison of Major WS Peaks with Pure Compounds.

Compound x' N R
Aromasol 0.05 1180 '
| | 1.91
HLEAQ 0.37 773
8E : : 1.18
H4EAQ 0.64 625
_ . 1.52
EAQ : 1.14 '. 293 o
A% 0061150 -
. , 1.92
B 0.39 660
a ' -0.95
C : 0.65 _ 385
a ' 1.35

D 1.1% k2
a Letters assigned to W3 peaks in order of elution.
The preliminary results obtained with these columns were

promising, but for more detailed~investigations it was thought'necessary

to reduce analysis times and maintain or inerease efficiencies and
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resolution. It was considered that alteration of the TNF loading might

achieve these reguirements.

2.%.2 Chromatography on Other TNF-Alumina Adsorbents.

A sample 6f 150-200 mesh alumina, {(Camag neutral) was léaded:
to 0.5% with TNF as in section 2.2.2 without Soxhlét extraction. This
Was'because extraction of tﬁe 0.2% packings did not remove any materiél.
This packing was packed into a 1.25m column of 4" 0.d., 2mm 1.d.

Samples of WS were then injected, bﬁt it was found that re-~
latively large (ea. %ﬂl).injections of concentrated solutions ﬁere
necessary to obtain any response from the detector. Samples of 1%

EAQ and 1% HﬁEAQ were not eluted at all, which suggested that the cbﬁ-,
ponsnts had.been strongly adsorbed onto the packing material.

In an attempt to clarify the mode of chromatography that had
been operating iﬁ the case of the 0.2% TNF-alumina it was decided to
saturate é packiﬁg with TNF. Such a packing should have glven very

. good chromatogramsrrover long times,'due:to strong interaction of solutes-
with the colum, if the TNF was the active principle of the adsorbent.

A saturated adsorbenf was prepared by a procedure similar to.
that of section 2.2.2, but with the exception that 1.08 TNF was used to
treat 10g bf neutral alﬁmina_(BDH active alumina, Brockmann aétivity i, o
sieve fraction 53"62F) in acetone (25m1), followed by_washing,.by de~ |
canting, of the adsorbént with acétoné 3 = 25m1). A 1.25m colﬁmn,

| 2mm 1.4., vas prepéred and run with dry heptane. | | |
Injection; of a mixture of,H4EAQ and EAQ ware nét resolved
on this column at.normal flow-rates and were eluted.rapidly as a single,
. sharp, peak. Only at extremely low fldw—rates could any resclution be
_ obtained. |
In order fto further investigate the role of ™, a further
.column of a new 0;2% TNF-alumina was pfepared. Injections.of EAQ and

HﬁEAQ were not eluted from this ecolum when run undef the same cbnditions



as the original 0.2% colums. Injections of WS gave a group of
partially-resolved pezks which corresponded to similar peaks obtained

by injecting Aromasol,

2.3,% Conclusions on TNF-Alumina.

The behaviour shown in sections 2.3.1 and 2.3.2 is incémpat—
ible with the concept of molecular -complex férmation.between TNF and
golutes as the chromatographic'principle. An alternative possibility
is that chromatography was between alumina énd the various solute
compounds. This does agree with the results obtained, which may best
be interpreted in terms Qf varying dégrees of’ déactivétioh of the‘alumina
surface..'The adsorbenté which strongly adsorbed injected samples Woﬁld
thus be higﬁly active, whereas the TNF-saturated adéorbenf, with vir- |
tually:all surface sites occupied by TNEF molecules, would have virtuaily
no activity in chromatography. |

It was cohcluded that, despite the inltial éood results
obtained.with 0.2% TNF-alumina, it was not feasible to use molecular-
complex formation with TNF on alumina as a basis for separations; further;
it was decided to investigate uﬁmodified‘alumiha as an adsorbent.

Further conclusions are discussed in section 3.1,

2.4 Chromatography on Alumina.

A 10 micron pérticle size alumina packing_(Aldx T, ex_Merckj
was obtained and was.packed into a BOdm-column,_i.d. 1.6mm, with stain-
less steel sinter end-fittings. The material, whigh was suppiied as a
very narrow particle—size-range powder, was not treated prior to packing
the column. The coiumﬁ was conditioned with dry n;hepﬁane prior to use.

Injectibns of pure Aromascl and undiluted WS gave identical
chromatograms, that is to say the quinone derivatives we?e not eluted
and the aromatic mixture whiéh comprises ArémasolIWas partly resolved.

The column was thus too active.
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Reduction of the activity of the coiumn was achieved by pumnp-
ing through it water—saturatéd n-heptane. The activity of fhe vacking
was reduced by this means until injections of EAQ were eluted as peaks.
| _While running with water-saturated heptané it wa.s found that eluted
bands were wider than would be expected.for such a smali—particle—size
packing. Because of these wide peaks the resolution obtained befweén
H4EAQ and EAQ was of.thé orde? of R = 0.9 even at low flow-rates; anal-
vsis times of about_two hours would thus be required for separatién
using these conditions. On achieving some separation of the two main
components it was necessary to stabilise fhe colum, to ensure that the
wide peaks were not bheing generated by én inhomOgeneéus deactivation of
the adsorbent. This stabilisation was achieved by pumping haif—safuf—
ated heptané, made by mixing equal amolnts of watér-satur;ted and dry
n;heptane, for several hours.

After a period of stabilisation, samples of WS were injected
at flow-rate 0.2ml/min. Five peaks were obtained, one of which was
between 'A' and 'B', at.t = 55mins,, but which was too small to be

R

meaéured. The data on the four main peaks are given in Table VI.4.

Table VI.L.

Working Solution'Separation on Alox T.

Band . - k' . N . R

R
(min)
A 20.0 0.08 . - 788 ‘ :
_ , , 5.4
B 87.5 3.7 253
: 1.25
C ' 120.0 : 5.4 ol2 '
. ' 1.31
D : 167.5 8.05 . 088

The total analysis time, of 2 hours, 'ls unacceptable for
routine applicaticns. There is an obviocus discrepancy between the

efficiency values, N, for pezk A, probably Aromasol, and the other peaks'
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which strohgly suggests.the operation of a2 band-broadening effect in-
volving slow adsorption—desorption kinetics., This shoﬁld bé overcome
by a change in the solvent/édsorbént éystem,_since the packing efficiency,
indicated by fhe efficiency value for peak A, was satisfactory.:
It is sometimes more apﬁropriate to deactivate alumina by
adding a small proportion of an alecochol to the solvenf, as mentioned
in section 1.1, in which case the alcohel acts in place Qf water at the
adsorbent surface. This procedure was examined by using 1% dry ethanol
in dry n~heptane as solvent., It was found that this concehtration was
‘too high, as a mixture of H,EAQ 5nd EAQ was eiuted at the void volume,
to’ with no separation.
| Tn ord=r to ensﬁre that the hydration condition of the colummn
packing was'known and could be.reproduced, it was decided.to make an
accurately deactivated Alox T packing. The packing was made as in
section 2.2.1, with.4% added water, and was packed'ihté'é 50cm bolumn
of 1.6mm i.d. Tt was then equilibrated with a solvent consisting of‘ :
0.1% iso-propanol and 0.2% ethyl acetate in n-heptane, this being con-
siderably less polar than 1% ethanol in heptane. .
‘Separaté sampies of HAEAQ and EAQ.Wefe injected and were foﬁndl
to elute after the same time on chromatograms. A mixture of them‘was
not resolved, aﬁd the pe;k cdntaining.them was eluted very soon after

the void volume._

3. Conclusions.

BQl NE-Alumina.

The adsorbent did not act in the way it was expected to,
namely by forming molecular complexes with solute molecules. This was
probably because the very strong adsorption of TﬁF onto the alumina
resulted in a reduetion of the delocalised Ty-electron system responsible

for formation of molecular complexes between INF and aromatic ring
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systems in solution. Such an effect would lead t§ TNF merely blocking
active alumina sites, as appears to have happened.

The TNF-zlumina system shows n@ advantages over alumina alone.
in the'chromatography of Working Solubtiong tﬁe initially favourable
resﬁlts obtained on 0.2 TNF—aluminé may be explained by a deaetivation'
of the alumina by some unknown means; possibly moisture from the'air,
to a level of activity sultable for separations to occur. This partic—

ular level of activity was difficult to reproduce.

3.2 Alumina.

Results obtained with the Alox T column (Table VI.%) showed
that separations similar to those obtained withlé.Q% TNF-alumina could
be obtained; but that optimiéation of the solvent system ﬁould be re-
quired. Indications of the diffiéulty in obtaining sﬁitably repréducible
results, together with the favourable results obtained in concurrent
work with silica adsorbkents, led to the work on_alumina being discon-
t;nued in favour of other adsorbents which presented léss problems in

commeciion with surface activity.
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VIT QUALITATTVE CHROMATCGRAPHY CN MEDIUM EFFICTENCY SILICA ADSORBENTS.

1. Introduction.

Silica is the most popular chromatographic.adsorbent in current
‘use for colummn chromatography and TILC. Snyderﬁjhas described the chrom-
étographic properties -of silica in relation to other adsorbents, in |
considerable detail. A summary of the main features will fhus be giveﬂ_.
here; since medium and high efficiency packings differ hainly in physieal -
respects, this accﬁunt applies:to both groups with'regard to their
chemical activity.

The term 'medium efficiency' refers herein to two types of
adsorbenﬁ, Corasil II and non-professiocnally-packed tenfmicroﬁ éilica.
This division into medium- and high-efficiency is arbitrafy,3but,‘as
- will be shown, is valid in practical usage. It should be pointed out
that there is a considerable difference in performance‘between the
'medium' efficiency packings so defined and the low-efficiency materials

used in 'elassical' column chromatography.
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1.1 Surface Structure and Adsorption Sites.

Chromatographic silica is an amorphous solid, usually tofall&
‘porous and with a wide range of pore diameters and specific surface
areas. . The specific surface area of a particular sample is dependent |
on the pH of the sodium silicate sﬁlution hydrolysed to give the gei,
and alsc on the subsequent heat treatment of the washed gel. ALt temp-
erétures above 200°C considerable loss of water occurs because of
fofmation of siloxane groups at the surface, and a loss of surface érea
then occurs by irreversible bonding of adjacent surféces to one another.
The chemlical structure of the silica sﬁrface_is mainly thét
of hydroxyl groups attached to silicon atoms forming part ofrthe
silcxane structure of the solid. Other groups may be present at tﬁe
surface, suéh_as siloxane linkages formed by condensation_;f two‘adj—
acent hydroxyl groups, But the main groups with respect to chfomatographic_
activity are the two recognised types of surface hydroxyl groups. These
are the 'free' and the 'reaotivé' types, shown in fig. VITI.1, which '
differ in their agility to.form hydrogen bonds with ﬁeighbouring hydrox&l
groups, this abiiity depending largely on the disﬁance'between the

surface hydroxyl groups.

Fig, VII.l.

Types of Surface Hydroxyl Groups.

Free . N ' Reactive

'/H. . | i]/H,‘\\/H
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The surface hydroxyi'groups are regarded.as acidic sites,
which interact with solutes by hydrogen bonding. Initeraction of the
surface with polyeyelic aromatic compounds 1s probably by the reactive

63

groups‘,.whereas interaction with mono-functional soluﬁes is probably
by the free groups. Thefe is still someIUncertainty about these func-
~tions, but it isd now generally accepted that the 'reactive' groups are 
the-most_important in chromatography of the ﬁajority of solutes, Siﬁce‘
they provide the possibility of the formation'of multiple hydrogen bonds

between the surface and poly-funectional solutes, and these constitue

the majority of compounds investigated by adsorption chromatography.

1.2 Practical Considerations.

Silica has similar chromatographic characteristics to aluﬁina,
but is less likely to cause chahges in sensitive and labile compounds.
It also has a higher linear capacity, i.e. more linear adsorption iso-
therms, than alumina and can thus be used with larger amounts of colutes.
Silicas of differént specifications are available with good bateh-to- |
hatch reproducibility. The ability to secarate solutes by olefinic or
arométic double—bond character is less marked in silica than inlalumina,
but chromatography i1s otherwise very similar to alumina? and the
eluctropic solvcnt series for the two adsorbents are'aimost identical.

Deactivation of silica is achieveq in a similar way to that
of alumica, namely by dfying at 150o - 2OOOC followed by additioh of
known amounts of water and then allowing the surface to cquilibfate
_ovefhight. It is'often found that, as with aluhina, it is more'conven;
jent to add a small proportion of an alecohol to_the eluant, thuc dis~"
piaoing some of the surfacé water ﬁith aleohol molecules. This is con-
siderably more convenient in practical use thon trying to maintain a

. constant partlal-water-saturation of a solvent.
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2, =mxpsrimental.

2.1 Adsorbenis and Reagents.

Corasil IT (Waters Associates (Inst.) Ltd;) was used as

received. Corasil IT is a pellicular packing with a double thickness

1y

laver o

*

porous silica on the surface, The surface area of the active

rial is lﬂmg/érz this compares with a surface area of between 500

14
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mat
' 2,63 ‘e . e . -
and 600m /g ~“for totally porous silicas, linear capacity is thus much
less than for totally porous packings.

Merckosorb SI 60 (obtained through Anderman & Co. from E.
Merek, A.G., Darmstadt) is a totally porous silica packing available

in particle Sizes of 5, 10, 20 or 3Cpm, and is supplied'with é sieve

fu

nalysis fof each batch. ﬁhe range of particle size is sﬁall, and suf;
face area is 500m2/g. This packing is identical with that soldrin the
Varian 'Micrdpak' columns. Thé particle size used in the studies herein -
was 10am.

Heptane was 'n-heptane to T.P. Specification', dried over
sodium,

Ethyl acetate was labbratory.reagentrgrade (BDH); dried over
dry sodium carbonate. |

| Di—iso—propyl ethéf (EDH) Waé laboratery recagent grade, used

wich no further treatment.
Ethanol (absolute) and tert. amyl. aleohol (BDH) were used

with no further treatment.

o
o

Preparation of Colunmns.

2.2.1 Corasil IT.

Az Corasil II is z relatively large (37-50u) diameter material

1% may be rezdily packed by tap~Tiil methodsz, The single column used

oS

in thase invesbigations (Im x %" o.d. straight stainless steel column,

ish shainless steel sinter end-Tittings) was cleaned and dried before
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packing and waé then filled, using the.tap—fill method, iﬁ:about ﬁmm
steps,

The éolumn was initially conditioned (i.e. de;aerated and
ﬁhoroughly wetted)‘with dry n-heptane, and was then eluted with 1%

ethanol in n-heptane.

2.2.2 Merckosorb SI 60.

The l10-micron grade of silica used here could not be readily
packed by altapefill method,. and slurry-packing similar to that_&escribed
in éhapter ITI.3.2.) was used. |

The silica was dried at ca. 140-150°¢ ovefnight, and was then
suspended in pure tetrachlordethylene. A vacuum was appliéd Tor a short
time to the-flask holding the slurry.in order to remove gaées from with-
in the porous solid. Sufficient tetrabromoethane was then added to
obtain a balanced-density slﬁrry and the whole mixture was ultrasonically
hoﬁogeniséd, giving a slurry which did not noticeably seﬁarate over 24
hours.

| An appropriately cleaned and prepared columm was connected to
a high pressure reservolr and tﬁe column was filled, to the bottqm of
the reéervoir, with the balanced-density solvent. The silica slurry
was then added to f£ill the reservoir and the top of the reservoir was
conmected td'the chromatbgraphic pump by a stop-vaive. A sol#ent (n-
heptane here) was then ﬁumped to high pressure (ca._B,OOQp.s.i.)_ét a
hish flow-rate (cé. 5ml/min) on the pump sidé of the.valvé and wﬁs then
_quickly released to the reservoir. This rapid application of pressuré
forced thé slurry quickly down onto the lower‘column sinter, packing
the colum firmly. |

After packing in this way the column was eluted with solvents
changineg by steps from polar to less-polar soivents until the choéen
chromatographic eluant was being used. This procedure ensured that no

strongly-adsorbed compounds would elute when chromatography was started.
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2.3 Chromatography on Corasil IT.

2.3.1 Preliminary Investigation.

In order to find a suitable seolvent system for sepﬁration of
' EAEAQ and EAQ it_was necessary o defihe_the'limits of.solvent.strength
corresponding to (a) rapid elutioﬁ with no separation and (b) complete
retention of samples. _

It was found that both 1% and 0.2% efhanol in n-heptane gave
no sepération, with elution of both.compounds at the void volume.
Elution with pure n-hepténe resulted in complete retention of the com-
poungds. The.solvent strength range suitable for ch:omatography_is thus
small, and it was considered that optimum conditions woﬁid probably be

bzst obtained by using a less polar sclvent than ethanol in n-heptane.

2.%.2 Use of Ethyl Acetate in n-Heptane as Eluant.

As may be seen from Table IV.1 ethanol has a high €° value of
0.88. Ethyl acetate, by its suitability as a solvent and its lower |
polarity, was appropriate to replace ethanol. A level of 1% ethyl
acetate iﬁ n-heptane was found to give some separation of H4EAQ and
EAQ, and moreover separated saﬁples of Working Solution into some 5 or
6 peaks. |

- In order to further investigate the behaviour of this system'
lan injeétion of O.Qﬁl undiluted WorkingrSolptioﬁ was applied td the
colum and was eluted t«;ith pure n-heptane. This resulted in the elution
of‘Aromasol only. The solvent was then changed-in.éteps to'O.l% ethylr
.acetate and later to 0.2% ethyl acetate; this resultedrin.the eiution
of a further 7 peaks.

Tt appeared from this experiment that separations might be
achioved with 0.1% ethyl acctate as solvent, but it was found that the
use of this solvent strength resulted in long chromatograms and un-
acceptably wide peaks. The 0.1% levél ﬁas thus too low.

Following the secparations obtained by stepwise gradient elution
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it.was decided té attempt gradieﬁt elﬁtion using the inter—connectéd
réservoir device desdribed in Chapter IT. Several combinafions of-iﬁ--
itial and final concentraﬁions of ethyl acetate ﬁere.investigated, and_ 
one of the resulﬁing chromatograms, which 1s typical of the separétions
obtained, is shown in fig. VII.1. The compiex nature of the Solution |
is indicated by the number of peaks found.

~ Since the choice of ethyl acetate as the polar component of
the eluant shoﬁed promise, it was decided to investigaﬁe the properties
of the sysfem using 1% ethyl acetate as eluant. The data for different
solﬁent flow—rateé for injeotidns_of O.%pl.Of 1% solutions of HQEAQ,
H4EAQ and EAQ in Sextate are shown in Tébles ﬁII.l,_ViI.ETand VII.?5.
The effect of flow-rate on vélues for N'is marked, and. is not linear
inasmuch as that for an increase by a facpor of 4 in flow-rate the values
of EAQ and.HAEAQ were'reduced by about half. The values for Ef were
constant, and the values for resolution were.only slightly improved by |
running at.the slowest flow-rate. These results indicated that the
column was.ﬁell-packed'and was suitable.for usé in further iﬁvestigations,
but was not, in its present system, sultable for quantitative analyses,
due to lack of résélutioﬁ. In brder.to attempt to incfease the resol-
utions obtained while still retaining the other column characteristics
it Was.decided ﬁo élter the solveﬁt character, by usihg a mixture of
solvents containing different active groups% while at the same time main-
taining the'same solvénf stfength'fof the overall solvéntlmixture.‘ This
was attempted‘by reducing the level.of.ethyl acetate Gao 0.58) to 0.5%
from 1%'and substituting for it di-iso-propyl eﬁléf (e? 0.28) at 1%.
The mixture was thgs; ethyl acetate, 0.5%; di—iso—pfopyl cth er 1.0%;
and n-heptane, 98.5%. | '

Chromatograms obtained using this Solvent‘mixturé showed no

advantage over ﬁhe 1% ethyl acetate system. Further work was thus
.carried out using the 1% ethyl acetate system, as this simple solvent

mixture had given reliable results in the earlier studies.
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Fig. VII.la. Oradient Elution of Working Solution.

Gradient from OF to 2% ethyl acotate in n-heptane; flow-rate 1ml/min.

Absorption scale non-linear.



Table VII.1.

Separatién of HgEAQ, HAEAQ and EAQ at Flow-Rate 1.8ml/min.

Compound

Fg™hq
H4EAQ

EAQ

bR

(min)

2.25

2.70'

3.03

N X! R
602 1.81 .
' ‘ 0.85
4186 2.25 ‘
_ N 0.62
450 2.65
Table VII.2.

Separation of HSEAQ, H#EAQ and EAQ at Flow-Rate 0.85ml/min.

Compound

'_HSEAQ

H4EAQ

EAQ

(min)
4.55
5.1
5.7

N k' "R

1095 - 1.83
0.82
650 2.19
0.71
6l2 2.57
Table VII.3.

Separation of HSEAQ. HﬁEAQ and EAQ at Flow-Rate 0.45ml/min.

Compound

HgPAQ
H,EAQ

EAQ

(min)
9.7
11.0

l2.2

N ! R

12 1.77 1.00
860 2.14
0.76

87k | o 2.49
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Following the earlier success using gradient:elution the
other ccmmon mode of programming, that is.flow pfogramming, was eXaﬁiﬁed
in the elution of Working Solution aliquots on a'semi-breparative-bﬁsis.
Samples of undiluted Working Solution, typically Ll to 1qﬂl, were in—
jeéted'onto the column and were thén eluted at_a'very slow flow-réteQ
The fléw—fate was then slowly and regularly increased by driving the
micrometer pump-stroke-length limiter with a very slow electric motor,
- s0 that the final.flow-rate after about one hour would be typically
about ten times faster than the initial rate. A chromatbgram of such
a flow-programmed run is_shown_in fig. VII.2, where the.solvent was 1%
ethyl acetate in n-heptane and the §ample was Qpl of Working Solution.
The major components, EAQ, H#EAQ and HSEAQ, elute as a large flat—topbed
multiple peék in the 254nm trace because their high absorﬂanoe at this
wavelength overloaded the defecfor amplifiers and resulted in‘a non-
linear output. The 280nm channel gives a more realistic impressién of -
the sepafation obtained.

The semi-preparative aspect of these runs was in the collection _
of three fractions of the eluted materials. These fracfions were,
approximately, és.follows:' |

| Fraction A, from injection to the trailing edge of the HSEAQ
~ peak,
Fraction B, from the trailing edge of'thé HSEAQ peak.to the
'trailihg edée of the EAQ peak,
cand Fraction C, from the trailing edge of the EAQ peak to the end.
of the run, i.e. until nothing more app.arently .
eluted.

These fractions were collected from a number of such runs and
were combined and evaporated down under reduced pressure. The resultiné
mixtures were then investigatéd by HPIC, this work will be desofibed in
Chapter XI. The i% ethyl acetate was particularly suitable for use in

this exerciée because both the ethyl acetate and the n-heptane could
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280nm
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60 50 40 30 20 10 0 mins.

Plg, VIT.2, Flow—Progfamming of Elution of Working Solution

with 1% ethyl acetate in n-heptane.

Flow-progremme from 0.2m1/min to 2.5m1/min. Absorption scale non-linear.
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be readily removed to-leave dry residues for further investigation.
Throughout this work using ethyl acetate solvent mixtures it
became appareﬁt that the résolution obtained between the mdjor component
peaks, together with the efficiency values obtained, were not satisfac;
' tory for quantitative analytical sfudies, vwhere ideally one would
requiré base~line separations of the‘components. The resolution values
obtained, for example those of Tables VIT.2 and VII.3, were not high
enough to enable_quantitatioh of the peaks to be.carriéd out with suff-
icient precision and acéuracy, because overlap of the peaks Would
intreduce considerable inaccuracies. A further attempt was made, by
changing the solvent composition and hence its groupmspecificify, to

alter the k' values of the main peaks and thus obtain better separations.

2.%3.3 Use of Alcohols in n-heptane as Eluants.

The use of alechols instead of ethyl acétate in the solvent
should in theory change the specificity of the chromatography.systéﬁ
to certain functional groups. Interactions between the ester carbonyl
group and the adsorbent should be weaker, and of different charactef,
to those between alecholic hydréxyl groups and‘adsorbent.

The two alcohols which were used in these studies were iso-
propanol and tertiéry—amyl alcohol, wrﬁiﬁP values (alumina) of’ 0.82l
and 0.61 resbectively. -

It was found that'conceﬁtrations of more than O.i% t—amyl
aleohol gave no separation of EAQ from HQEAQ or HSEAQ,-and-that after
a reduction of the alcohol level it took between a half-hour and onc
hour to stabilise at the lower level. A level of 0.075% was chosen for
further investigations,

At this level some separatioﬁ (R=:0.7) of EAQ and HQEAQhwaS
chtained., IZAQ and HaEAQ were not resolved. In ﬁhe chfomatography;of
solutions of 'pure! HSEAQ, and mixturesrcohtainihg thislcompound, using

the t-amyl alcohol/n-heptane it was found that a compound peak of,
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apparently, some three or four different peaks was produced in the
chromatogram, (see fig. VII.3). This multiblicity of peaks was not
present for EAQ, which gave a single peak of good efficiency and‘with
only a slight tailing at the rear. This shows that the chromatographic
réle,of this alcoheol is probably nét the straightforward one for a polar
solvent but is more complicated, as, with other simpler ﬁolar‘solvents,
the HQEAQ solutions used gave only single peaks. Further discussioﬁ of
this phenomenon is given in section 3.1.

Further studies.using the t—aﬁyl aleohol system in an invest—'
©igation of the relationship of H8 gquinone to Hé guinol will be déscribed
~in Chapter XI. For the purposes of the present studies it was decided
that the use of t-amyl alcohol would introduce difficulties, because‘éf
.the multiplé peaks obtained for HBEAQ and because of peak %ailing (see
Chapter XI), and that a simpler secondafy solvent éhould be used.

- By using varlous concentrations of iso-propancl it was possible
to obtain chromatograms of Working Solution in the isbcratic mode (fig.
VII.#) which, whilst being overloaded as far as the main components
were concerned, showed a number bf‘components eluting after the EAQ-~
H,EAQ-HgEAQ block. This showed that there were many (>15) minor comp-
onents in Working Sdlution which were mere polar (i.e. havé longér'

.~ retention times) than EAQ. |

When £h¢ level of iso-propanol was reduced, té’o.l%, 0.08%
and finally to 0,C6%, iﬁ‘was.found that separations of EAQ, H#EAQ and
HéEAQ éould be obtained. Further,lit was found that injections of HBEAQ
gave rise to é‘sihgle peak, in contrast té tﬁe behaviour of the tert-
amyl alcchol system. The results obtained with a 0,06% iso-propancl
solvent at floﬁ—rate 1ml/min are shown in Table VIT.4.

The values in Table VII.4 show thd£ the system has relatifely
high efficiency (¥ > 1000 on average), satisfactory k' values (between
1.5 and 4) and resolution that oould; péssibly, be usable in quant-

itative investigations. The 1éngth of analysis time {ca. 30 mins. to
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© Fig. VII.3. Isocratic Elution with 0.075% tert-Amyl Alcohol in n-Heptane.

Flow-rate 0.5ml/min.

A 0.5l 1% EAQ o

1/41‘ l%-HSEAQ

0.5u 1% EAQ  + 0.54L 1% HgPAQ
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Fig. VII.4. Isocratie Elution of Working Solution

with 0.2% iso-propanocl in n-heptane at Iml/min. Sarﬁple size l)ul..'

Absorbance range non-linear.
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completely clear EAQ) and the diffiéulty of stabilising the solvent-

- adsorbent system imposed difficulties, however, since the very low level
of 0.,06% iso-propanol would make the equilibrium of adsorbed/desorbed
alconol very sensitive to small changes ih solvenf composition and
temperafure. Thus, although this System was considered capable of
further development in the quantitative direction, the practical‘diff—

iculties made such work inadvisable.

Table VII.%4.

Separation of Main Components Using 0.06% iso-Propanol.

Compound ‘tR N ﬁ: k! _R
(min)
H.EAQ ~ 18.5 912 1.96 |
‘ 8E : 1.06
1,FAQ 21.0 1393 2.%6
0.87

EAQ 23.0 1532 2.68 -

2.4 Chromatography on Merckosorb SI-60,.

2.4.1 Materials Used.

Two columns of Merckosorb SI-60, of 104 particle size, were
packed as described in section 2.2.2. These columns weré about Z2mm i.d.
and were respsctively l_metre and 0.5 metre,in length.. The 1 métre
colum was the first to be préparéd using a balanced—density slurry,
and during the packing of it the rééervoir had to be reffiiled twice fo
provide sufficient packing material. - The 0.5 metre column was packed
in one stage, and was expeéted to give a better performance.'

The 0.5 metre column was used in series with.the Vérian.Micro-
pak column in the studies which form part of Chapter VIIT. The jdined
columﬁs constituﬁc a high-efficlency syétem, so that thé work using‘the
Mérekosorb/varian coupled colums is described with the other high

efficiency systems.
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2,4.2 Chromatography on the 1 Metre Column.

~ The one-metre column was run with a 2% ethyl ecetate in n;
heptane solvent, as this had given good results with Corasil IT and in
many respects was.considered a suitable starting choice, |

‘With a flow-rate of l.ﬂmi/hin separations'of HBEAQ, HﬁEAQ
and EAQ were obtained; in addition HqEAQ was separated from HqEAQ

Epoxide. The H#EAQ Epoxide peak was so close to the EAQ peak when in-
jected as a mixture, however, that no separation of these compounds
could be seen. The results shown in Table VII.5 show this behaVIour, and
aleq give an indieation of the relatively poor efficiency of'the column

vhen compared with professionally packed coluhns (ef. Table VIII.l}).

Table VIT.5.

Separation of Main Components of Working Solutlon on a im Merckosorb
SI-60 Column, -

Compound - tp o kf R . N R
{min)

AQ . 6.2 - 2.1 : 558 ‘
gt | N 0.7
HAEAQ . 7.0 : 2.5 _ - 54y

- ' - 0.97

H,FAQ Epoxide 8.4 3.2 391 ‘ .

. 0.11
FAQ 8.6 3.3 o346 -

From these results 1t may be seen that the efflclency advan-
tage of the lQﬂ packlng over Corasil II had not been realised It was
' probable.that this was dge to the poor packing technigque iIn this firSt.
eoiumn, and also to the length of tﬂe colurn used, which made the paekf
ing.more_difficult. The normal length fdr_lO/&eolumns.from instrument
manufacturers is 30cm, or sometimes 50cm, as it is much more'difficult
to slurry-pack a one;metre colum. Accordingly a 50cm column was packed

as described above.



2.4.3 Chromatography on the 0.5 Metre Column.

A 2% ethyl acetate in n-heptane solvent waé used with this
column. Results obtained were slightly better than those with the‘l
metre column as shown in Table VII.6, but were not of the high efficiency
expeeted, such as those obtainable.with packed columns.éf similar silica
prepared by iﬁstrument ﬁanufacturers. Although good separations of EAQ,
H4EAQ and HSEAQ were obtained it was found that HﬂEAQ and,HuEAQ,Epoxide

eluted at the same retention time, and hence were not resolved (see

Table VII.7).

Table VII.6.

Elution of Main Components with 2% Tthyl Acetate
. at ca. 0.5ml/min Flow-Rate. )

Compound k! _ N _ R
EAQ 4.5 604 :
_Hé 1.41
H,EAQ : 5.7 718
1.54
EAQ 7.6 529

Table VII.T.

Elution with é% Ethyl Acetate at ca. lml/min Flow-Rate.

Compound - tR-. N R
' (min)
H,EAQ ' 8.0 45
_ 0.06 .
HAEAQ Epoxide 8.1 - 437
_ : 1.08
EAQ : 9.75 4ot

Although this performance was reasonably encouraglng it was -
decided that further work with silica adsorbents chould be on high-

efflclency pre-packed columns, as described in Chdpter VIIL.  Further

work using the labdratory-packed columns was limited to the use of the
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50em column to extend the Varian Micropak column, as also described in

Chapter VIIT.

3. Conclusions.

2.1 Corasil II.

The one—metre'Corasil II column was sﬁown to have uéés for
semi-preparative work, and gave moderate resolution of thelthree main
guinone ﬁeaks; Efficiencies were higher ﬁhen iso-propanol was used at
low coﬁcentrationé in n—heptane in place of eth&l acetate.

The behaviour of tert-amyl alcohol; with regard to the form-
ation of multiple peaks for HsEAQ; is at first sight an.aﬁomaly;_but
may be expléined if one considers two factors pertaining fd this be-
haviour. Firstly, the aliphatic group of the alcohol,'consisting of
the tertiary amyl group, is very bulky and would tend to obstruct access
to the silica surface 1f the alcohol were hydrogen—bonded‘to that sur-
Tace. Interactions might thus occur mainly betﬁeen solﬁte molecules
and the surface coating of paraffinic groups, leading to what is
essentially 1iquid—1iquid rathef thanlliquid—sblid chromatography.

| Secondly, in the formation of H8EAQ by catalytic_hyd?ogen-
ation it is possible to produce several isomers, for example by
hydrogenation at the 2-position leading to the ethyl group being axial
lor equaﬁoriai to thg reauced riﬁg:. Other isomers would ariée‘if'the-
two réduced rings adopted the cyclohexéne twisted ring structuré, with
the-structures at opposite ends of the molecule either idéntical or
inverted. Such isomers need not differ significantiy-in chemical prop-
erties but might well differ in their solubilities, leading to the
formation of a single peak in LSC but.several peaks in the ]pseuao' LIc
poStulatcd to oceur wifh tert-amyl alcohol.

Considerably more work would need to be'ca?ried out to confirm

or deny %hese postulates, and this was not possible at the time. A
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~point in favour of the LIC mechahism is that equilibrium of t-amyl
alcohol.with the adsorbent took longer'than for iso—prbpanol. This
suggests a strong interaction of the alcohol with the surfaée and diff-
ieculty in displacing it from its adsorption sites, possibly because of
limited access. |

The Corasil IT column was not.consideréd to be efficient
enough to resolve the expected number of major and minor component,peaké
at the level of performance needed for quantitative work, but the
results obtained gavelvery strong grounds for continuing this work with

higher-efficiency silica columns.

3.2 Merckosorb SI-60.

Although the attempts to produce high-efficieﬁcy‘columns with
this packing met only partial success, nevertheless the cﬁlumns obtained
gave good separations of the main quinones. A quantitative method of
anaiysis for these quinones could have been developed with the 50cm
columm, but since it was intended primarily to develop such a method to
include simultaneous estimation of the H4EAQ Epoxide £he lack of res-
olgtion of this compound was a difficulty which might have'proved timem
consuming to overCOme._ The development of such a meﬁhod was thus left
to the high-efficiency columns puréhased from Varian‘and Waters Agsociates,

as &esoribéd in Chapter VIII. |

In conclusion it may be-said that the lack'of efficiency of
the laboratory-packed columns compared fo pprchased’columns was probably -
due to”fhe lack of appropriate facilities ,» notabhly a high-pressﬁre,‘
high-output pump, when thése studies were carried out. The large
pulsations due to the pumping action of the HM/SS2C were unavoidable if
a high throughput and pressure were to be reached, and these pulsations

would contribute to packing inequalities.
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3.3 QGeneral Conclusions.

The medium~efficiency systems investigated heré gave safis—
factory results, promising enough for preliminary work to be eﬁtended
into similar systems with higher efficieﬁcy. This increased efficiéncy _
should result in‘narrower peaks, bétter resolutions and thus allow more
flexibility in choice of solvent and ruming conditions.

It appeafs that silica is much lessrvariable in activity than
alumina in the context of this study, and is thus more suitable. No
evidence was found of adverse reactions during chromatography.

The advantages of gradient elution and flow'programming in
the gqualitative analysis of multi-component mixtures ﬁeré shown to be
considerable in comparison to normal isocratic elution; FUrthermore;‘
the use of_éolvents‘containing different functional gréuﬁs'resulted in.

significant differences in the chromatograms obtained.
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VIII. .QUAIIIﬂTIVE CHRCOMATOGRAPHY ON HIGH-EFFICTENCY SIIICA ADSCREENTS.

1. Introduction.

The chara¢teristics of silica adsorbents, described in section
1, Chapter VII, apply equally to the high-efficiency adsorbents“used
in the studies comprising this éhapter.. The principal differences
between low-, medium- and high-efficiency packings are in the particle-
size distribution of the adsorbent and in the efficieﬁcy of the packing
process.

The majority of work described here was carriéd oﬁt on two
commercially packed colums, one purchased from Varian Assoclates and
the other from Waters Associates. |

The Varian column was packed, using a balanced-density technigue;
with a ten-mieron grade of Merckosorb SI-60; this material is also sold
in the U.S.A. under the trade-name of Lichrosorb Si-60. The cblumn
was fitted with porous lmm thick PTIE sinters in the end—fitfings. The
injection technique reoommended by Varian for use with such colums is

to inject the sample directly invto the sinter, this requires a very
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accurate placing of the syringe needle in ordér-to'ensuré that the end-
sinter should not be punctured and the-packing_disturbed. Major578
describes the packing technique and gives representative results obtained
with similar columns.. | | |
The Waters columm was similarly packed by a balanced-density .
technique with the Waters adsorbent :A-Porasil', a totally—pofous ten-
micron silica. The end-fittings held five-micron stainless-stegl
sinters, and thé colum was of internal diametgr dnm to allow higher
loading. - The major difference between the two colums, apart from in-
ternal diameter, was that the Waters column had been drilled out slightly,

giving an improved inside surface to the tube and leading to bhetter

packing efficiencies and performance. This technique was first des-

23

§

cribed by Asshauer and Halasz

9

., and, more recently, by Waters Assoc-
iates'” who give representative values for N of about 3,400 to 5,000
plates. These values are approximately ftwlce those guoted for the

Varian column.

2. Chromatography on the Varian SI-10 Column and the Linked SI-10/

Merckosorb ST.60 Column.

2,1 Materials.

2.1.1 Colums.

Wheﬁ first used the Varian SI-10 columm gave‘sharplpeaks of
good efficiency for about 50 injectidns, using'the recommended technique
of injecting into the PTFE sinter. After this initial period artifact
peaks were observed in the form of 'ghost' peaks of smaller size than,
and later tﬁan, the.true peaks. This effect was found to be due to
the completé penetration of the sinter by the syringe needle, the sample
being injected up to several millimetres down the Qolumn. The subsequent
disturbance of the bed material on syringe removal it is thought accounts

for the double peaks, by the splitting of the applied sample into two parts.
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The damage to the sinter and tq the end of the célumn could
not be guickly repaired because of difficulty in thaining suitable
sinterered PTFE. As an interim measure it was decided to couple the
56cm Merckosorb SI-60 colum descfibed in Chapter VII to the injection
end of the Varian column, using a straight adapter filled with Mercko-
sorb SI-€0 powder. It was hopéd that this would allow satisfactory
injections whilst retaining much of the performance of the Varian column,
alfhough some efficiency would be unaveoidably lost.

| When the sintered PTFE was obtained the Varian column was
repaired by removing the perforated sinter and bmm of packing, followed
by careful hand;packing of this 5mm with new adsorbént and replacement‘-
of a-new sinter. Subsequent injections were made by using a'spacer on
the syringe needle to glve injections precigely halfway through the

sinter, and this proved satisfactory in practice,

2.1.2 Solvents.

Heptane, 'n-heptane to I.P. Specification', (EDH).

2,2,4-Trimethylpentane, to I.P. Specification, (EDH).

n-Hexane, laboratory reagent grade, (¥DH).

Ethyl acétate, laboratory reagent grade, (BDH), dried over
sodium carbonate.

iso-Propanol and di-isopropyl ethgr were of laborafory reagent
grade, (BDH). |

A 1,4-Dioxan was double-distilled and dried over molecular

sieve, BA; before use.-

Dimefhyl digol, (Fisons.S.L.R.), was passed through a colum
of 10cm dry silica and 5cm dry alumina before use and was sﬁored in a
tightly sealed dark bottle. |

ALl solvent compositicns are given in percentage v/v.
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2.2 Chromatography on the Linked Varian/Merckosorb SI-60 Column.

The first solvent system used was 2% ethyl acetate in n—heptane;
as earlier results (Chapter VII) indicated'that this would be a reason-
able starting point. A good separation of the quinones of Working
Solution was obtained at a flow-rate of about 1.8ml/minute, as indicated

in Table VIII.1.

- Table VIITI.l.

Separation of Quinones Using 2% Ethyl Acetate,

Compound tR . ; | N | ki R
(min) .
HSEAQ 7.05. 1100 2.2
' ' 1.9
HhEAQ 8.75 1357 3.0 _
1.96

Eaq 11.0 ' 1062 4.0

The purchase of thislhigher efficiency columm was well just-
ified by the good separations (R eirca 2) so obtained.

Having obtained good separation of the quincne compounds it
was next necessary to enlarge the scope of the‘separation to iﬁelude
HﬁEAQ Epoxide. This compound is of considerable importance in the
,.efficient running of the industrial plant. As the epoxide is_usually
present iﬁ relatively small amounts and has.less U.V. absorbance than,
for example, EAQ, the small H#EAQ Epoxlde peaks must be particularly
well resolved if quantitation is to be achieved; It was found that
ethyi acetate solvent mixtures did not give a resolution of H4EAQ Epox-
ide from other main components. Thus.a different solvent system had to
be developed in order to obtain the required separation.’

Working on the rule-of-thumb principle of 'like interacts
with like' it seemed possible that an ethér would interact preferentially
with the epoxide, which may be classed as a cyelic ethér. Di-igo-

propyl ether In conjunction with ethyl acetate showed no advantage in
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chromatography of the main quinones (Chapter VII, 2.3.2), and it was
considered that this ether had only limited similarity ﬁo the epokide.r
A cyeclic ether, 1,4-dioxan which more closely approaches the character
of the epoxidé structure, was used in a series of éolvént mixtures.

The use of 2% Dioxan in h~heptane resulted in the resolution,
from a Working Solution sample, of.alpeak between HMEAQ énd EAQ. - An
inerease in Dioxane concentration to 3% produced a double peak betweeﬁ _
HﬁEAQ and EAQ, of which one peak was-definitely ascribed to HﬁEAQ Epoxide.
Further increases, to 5% and 10%, and a reduction to 1% Dioxan, gave a
series of results represented graphically in figure VIIT.l, which is a
plot of the capacity factor, k', against concentration of Dioxan in ‘the
solvent.fof thé four main compounds. The values of other parameters,
obtained with 10% Dioxan, are given in Table VIII.Z2, where flow-rate
was about Of4ml/hin. and the compounds were injected.separately.

The curves for the guinones in figure VIII.1 are approximately
parallel, but the curve for H#EAQ BEpoxide may be seen to approach that
of EAQ for more dilute dioxan sclutions. It wasg, in fact,_found that a
l%_dioxah solvent mixture did not resolve HﬁEAQ Epoxide from EAQ, and

_'the curves reflect this behaviour.

Table VITT,.Z2,

Elution With a 10% Solution of 1,4-Dioxan in n-Heptane.

Compouﬁd tR N o | k! | R
(min) ' '

HgEAQ 14.5 1164 0.28
' , 1.60

HEAQ | 17.5 1166 0.55
- ‘ : 1.73
_ H#Epoxide 21.0 1764 0.86 .
' 0.90

EAQ 2%5.0 1410 1.04
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These results had an implication regarding the selection of
a3 sultable solvént system'so that best separatién could be obtained.
When a solvent 1s found thaf gives such convergent plots of k' against
concentration of solvent it is often possible to sélect‘a concentration
which gives a maximum separation of one component by‘takiﬁg a vertical
line from the concentration axlis. The intercept points of the curves
on this line then give the relative positions of peaks eluted with the
solvent of the chosen concentration values. In the present case a 10%
solution of dioxaﬁ gave the best separation of the epoxide from EAQ
and H,EAQ. '

Although 1,%4;dioxan thus.showed promise as a'subsidiary mod-
ifying solvent, $ther properties of the system must be considered., The
known hazard of toxic effects of dioxan made it desirable that another,
potentially less hagzardous, solvent should bes found.

| The compound bis{2-methoxyethyl) ether, also known‘as dimethyl
digol and as diglyme, was examiﬁed as an élternative to l,4—didxan;
The sfructures of the two compounds are similar in an important respect,

each ether group forms part of an ethoxyethyl or methoxyéthyl group:

0 P,/’O 0 |
Ho Ry oH Tg thy

HZC\O/CHZ_ | HZC\O _CHy

1,h-Dioxan _ Diglyme'!

The published data86‘87

on diglyme indicates that it and
similar compounds are less hazardous and less volatile than 1,4-dioxan.

It is an industrial‘solvent and is thus generally available. The in-

formation available about its use in chromatography 1s sparse. The
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appfoximate placing of diglyme in Table Iv.l was made on fhe basis of a
reference to a similar compound and also by cbservations during chrom-~
atography. | | |

5% diglyme in n-heptane gave a good separatidn of a WOrking
Selution sample into HSEAQ, H#EAQ and EAQ,.as showﬁ in Table VITI.3, with
a small double peak, too small to be accurately measured, betwéen HﬁEAQ'
and EAQ. This result was similar to that obtained with the l,#—dioxan
solvent system, and indicated that overall similar results might be

expected.

Table VIII.3.

Elution of Working Solution at O.5ml/hin with 5% Diglyme in n-Heptane.

Compound - t : N k' R

R

{min)
HGEAQ __ 10,05 1122 0.34 .
H,EAQ 12.10 586 . 0.6l 2;09
FAQ 16.75 748 - 1.23

An attempt to investigate this system with higher and lower
concentrations of diglyme gave anomalous results, however, as the k!
values did not change as expected with concentration. The k' values

obtained for H4EAQ_and EAQ are shown in Table VIII.4.

Table VIIL.4.

~ Values of k' and Diglyme Concentration for H,EAQ and EAQ.
T

Diglyme concentration (% v/v) 10 5 2 1.5 1
k' HEAQ © 0.47  0.61  0.62 0.6%  0.68

x' EAQ 1.02 1.2  1.18 1.71 - 1.2%
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These observations suggested that the various concentrations
below 10% either had not equilibrated with the colum packing, or were
in a region where a complete layer of solvent molecules covered the ad-
sorbent sites and the excess solvent made 1little differenge, except at '
- higher conecentration {(about 10%) where the higher solvent strength would
begin to be more Important. Either explanation requires the assumption
of strong adsorption of solvent moleculgs onto the adsorbent, ﬁhich
implies that tﬁere is a certain critical concentration of diglyme in
.solution at which all the surface active sites are"blocked. Above thié
solution coﬁcentration any desorption of diglyme from the surface would -
be rapidly replaced from solution, .Below this critical céncentration
‘an adsorption-desorption equilibrium would operate;_and in this range
of concentration the k' values of solute compounds Would be affected
significantly by change in solvent composition._ This type of behaviour
would bhe expected ffom a strongly-adsorbed solvent component, and might
result in the formation of a functicnal-group-selective lajer cn the
adsorbent. The chromatographic ﬁode of operation would then not neéess—
arily be solely LSC, but might involve contributions from LIC.

It is apparent from tﬁe éimilarity of the k' values in Table
VIII.4 that all of the diglyme conoentrations'were above ﬁhe critical
concentration proposed above. Further studieé on thisllinked~colum#
system were terminated upon the repair of the Variah SI-10 column;

the studies were continued on the SI-10 column alone,

2.3 Chromatography on the Varian SI-10 Column.

The Varian column, with dimensions of 25cm léngth and 2.2mm
internal diameter, was expected to give high numerical efficlencies as
‘indicated iIn section 2.1.1. Such high efficieﬁcies from a narrow column
result in narrow, low velume, bands being eluted from the column and
thus require greater care in the selection and use of low-volume tﬁbing_

and fittings to ensure that these high efficiencies are not lost by
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band-broadening effécts between column and detector., These cbnsider-
ations wduld be more critical for the Vafianrcolumn aiane.than for the
lower—efficiency linked colurm used above.

After repair the columm was eluted with a diglyme solvent, of
1.5% diglyme in n-heptane, and a séparation of Working Solﬁtion similar
to-that obtained with the linked columns was obtained. As a check of
the chromatographic behaviour of the column it was decided to change to
ethyl acetate, which did not give ;eparation of HﬁEAQ Epoxide in pre-
vious studies. It was found that a separation of the epoxide was ob-

" tained, at 1%, 2% and 3% ethyl_acetAte. It is suggested that thé‘stroﬁg
adsorption of diglyme onto the silica had resulted in a layer of ad-
sorbed diglyme which was not removed by ethyl acetate solutions.

On changing back to‘l.B% diglyﬁe in n-heptane the separations
of Working Sclution components were again good; with a small double.
peak between HAEAQ and EAQ as before. The k' values at a flow-rate éf
0.84m1/min are shown in Table VIII.5 for a sample of O.O?Fl of undiluted

Working Soclution.

Table VIIT.S5.

Values of k' for Working Solution Components.

Component Solvent 1 Solvent 2 AQ H,BAQ H EAQEpox Unknown BFAQ
" " ‘

Kt 0.1 0.25  ©0.45 0.85  1.20. 1.0  1.70

The.first two peaks were due tb the aromatic solvent, which
forms a major bart of the Working Solution.

Reduction of the diglvme concentration to 1.0% gave slightly
larger k' wvalues, whiéh are showvn together with other parameters in
Table VIIT.6. The rumning conditions used were a flow-rate of 0.50n1/min
with O.%ﬁl of 1% solutions of each compound injected. Included in the

table are parameters for benzil, which was chosen from several other
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compounds: for use as an internal standard for the quantitative invest-

igations described in Chapter X.

Table VIIL.6.

Working Solution Components Eluted with 1% Diglyme in n-Heptane.

Compound. . t : X! N R

R
(min)
EAQ 2.40 0.65 673
Hé ' : ' 2.0
H#EAQ ' 3.30 1.28 620
. . _ 0.45
H,EAQ 3.50 - 1.59 1512
Epoxide ' 1.34
. EAQ 4,05 2.1 - 12ho
' 3.4
Benzil 5.80 R 1716

Table VIII.6 shows that the quinones and benzii were well
separated, but that HﬁEAQ Fpoxide was eluting closer to H#EAQ than to
BAQ. This was considered to bé undesirable for gquantitative work

because the overlap of adjacent peaks would make peak area measurement
difficult. Attempts were made to improve the resolutions and effic;
iencies obtained by changes in the solvent systemn.

Changing the main.solvent from n-heptane to n~hexane and to
2,2,4-trimethylpentane did not improve‘the separations, so n-heptane
was retained aé the main solvent.

The concentration of digl&me was changed from 1.0% to 0.7%
and then to 0.5%, each with a long period (about 2 hours) of.elution
to equilibrate the column with the solvent bhefore making injections.
These expériments showed that the k' values changed significanfly at
concentrations below 1%, and it was thus desirable to investigate this
range of coﬁcentrations in detéil. |

In order %to remove adsorbed diglyme from the column the
ecluant was changed from 1% diglyme to pure 2,2,4-trimethylpentane, and

this solvent was passed until the adsorbed diglyme had been removed.
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The amount of diglyme activity left on the column was monitored by
making injections of a mixture of H4EAQ, EAQ and HﬁEAQ Epoxide at in-
tervals of time and observing the elution charaéteriétics. If the
colunn had desorbed all of the adsorbed diglyme, then the injected
compounds would not be eluted but would adsorb onto the column. The
results of this experiment, at a flow-rate of O.4ml/min, are shown in
Table VIII.7, which shows retention times of the compounds eluted ffom.
an injection at a time, Tc’ after the changeovgr from 1% diglyme to
the pure'2,2,4-trimethy1pentane.‘ The same information is shown graph-~

ically in figure VIII.Z2.

Table VIII.Y.

Elution Times of Compounds from a Diglyme-Coated Silieca Column.

T tr H,EAQ t, HBpoxide t, EAQ
(mins) (mins) (mins) (mins)
Before T_ 5.35 6.2 | 8.3
5 , 6.4 : 7.5 9.1
18 7.9 _ 9.2 11
oo 121 ok S 164
85 - 20.4 _ 22.9 . ' 26.0
117 | - 23.0 | , 26.3 : - 29.3

185 5 26.75 28.8 30,75

These results showea that diélyme strongly adsorbs onto the
column packing, to the extent that it 1Is very difficult to remove with-
out using a stronger solvent than diglyme. The graphical data iﬁdicate
that the retention times for all three‘of the components tend to stab-
ilise after abouf.three hours elutioh of.the pﬁre.hydrocérbon; this
observation indicates that the diglyme does not completely desorb under
the mild solvent strength conditions used. This corroborates the earliér

results obtained with ethyl acetate, after changing over from a diglyme
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solvent, siﬁce 1% ethyl acetate in n-heptanc is also not a sﬁrong>
solvent and would not easily displace diglyme.

After about four hours elution with purc iso-octane a change
to a low concentration of diglyme in n-heptane was effected.  The k!
velues for these lower solvent concentrations and those values obtained
earlier with 1%, 0.7% and 0.5% are shown in Table VIII.8, and are shown

graphically in figure VIII.3.

Table VIIT.8.

Values of k' and R Obtained with Tow Diglyme Concentrations.

. 1 t 1 .

% Diglyme k HAEAQ R k Epox R k EAQ .

1.0 , 1.25 1.68 2.24
1.27 1.61 ‘ _

0.70 1.4% 1.96 2.92
1.38 ‘ 2.22

0.50 1.88 2.38 3.45
1.34 _ 2.51

0.25 2.67 - 3.0 . _ 4,68
1.50 _ 2.12

0.10 3.71 L.o71 . 5]
1.93 1.23%

Thé curves for H#EAQ gnd HﬁEAQ Ebéxide are seen to'be prarallel
and differ.ffom BAQ in their degree of curvatﬁré, From these curves
it may be seen that a diglyme concentfation of about 0.2% should givé .
a separatibn of these compounds with HﬁEAQ Epoxide eluting midway be-
tween H#EAQ and EAQ, with all of these peaks eluting at k' values be-
tween 3 and 5. This corresponds to an analysis time of about 12 minﬁtés-
for a té value of 2 minutes.r Such a system should be most sultable
for gquantitative analytical work, particulariy so 1T the peak widths
could be further reduced by increasing the coclumn efficiency.

The strong adsorpiion of diglyme, and the inabilitj of a.weaker
solvent to readily displace it, suggested a Way of altering'the analysié
.times required without.significéntiy ghanging the resolution. A relat-

ively weaker solvent than diglyme, if used in a solvent mixture containing
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a low concentration of diglyme, would have the effect of inecreasing the
overall strength of the mixture whilst retaining the selectivity achieved
by the use of the diglyme/silica system. Such an increase in solvent
strength shouldlresult in a uniform decrease in retention times for

all of the eluted components, and hence in shorter analysis times.

The third solvent in this modified diglyme system would need td have
rapid adsorption/desorption characteristics, ﬁnlike diglyme and t—amyi
aleohol (Chapter VII), so that the chromatography would continue to

occur essentially between a diglyme system and the.soluté.

The first solvent investigated in this respect was ethyl -
acetate, since its behaviour was known from the preceding studies.
Solutions containing 0.2% diglyme with 0.5%, 1%, 2.5%, 5% and 10% ethyl
acetate respectively were prepared. Afterlequilibrating the.column .
with each solvent in turn, samples of a solution containing'HBEAQ,”
HHEAQ, HﬁEAQ Epoxide and EAQ were injected. Résults derived from these
chromatograms, using a flow-rate of O,7ml/min, are shown graphlically in
figure VIII.4. The data for a solvent system giving good resolutioﬁs_
and éfficiencies are shown in Table VIII.O. It should be noted that
the values for N are particulariy high, when compared with those of

Table VIIT.6, for example, because of the low flow-rate used.

Table VITI.O.

Elution with 0.5% Ethyl Acetate and 0.2% Diglyme at Ilow-Rate 0.%ml/min.

Compound t kY N ' 'R‘

R
(min)
HgEAQ ' 6.5 ' 1.65 1878
: 2.52
JHEAQ 8.2 2.35 1912
‘ - o 2.37
H)EAQ Epoxide 10.0 3.08 2699

. 1.86
EAQ 11.55 3.71 2635 .
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In figure VIII.4 the values of k' for OF ethyl acetate were
taken from figure VIIT.3. The curves of figure VIII.4 shoﬁ that the
sebaration of H#EAQ Epoxide from its neighbouring compounds remained
similar between 0% and 10% ethyl acetate contenﬁ, but that k' valﬁes,
aﬁd henée analysis times, were redﬁoed to one quarfer of their 0% falues
by the addition of 10% ethyl acetate. The use of thQ prineciple of add-
ing a different solvent purely to increase solvent strength, while reQ
taining the benefits of the chromatography on the diglyme/silica surface
was thus demonstrated and was showm to be effective in réducing analysis
times without prejudice to the separétions obtained. h

Although ethyl acetate has a very low U.V. absorption at
concentrations of about 1%, 1t would be ﬁecessary to replace 1t with a
non-absorbing species if it were desired to reduce the detector néise—
level of the system to a minimum. For this reason, and to further in-
veétigate the behavicur of the ternary type of sclvent system used
above, it was decided to use iso-propancl and later di-iso-propyl ether
as ternary solvents, with diglyme and n-~heptane to obitaln data on the
" behaviour of diglyme in solution with three modifying solvents 6f diff-
erent functionality.

At levels indicated by previous_work it was found that iso-
propanol had the éffect of causing the curves obtained to rise at £he
highér isopropanol concentration, as shown in figure VIII.5. This was'_
when the iso-propanol was mixed in solution with 0.2% diglyme. This
effect may be eﬁpiained on the basis that as the conéentration‘of iso-
propanol increases, the stfonger solvent streﬁgth of the alcohol dis-
places the diglyme from the colum, thus causing chromatography to occuf
between the soiute and the mére actife surface remaining after desorption
of diglyme. This increase would result in a greater solute-solid inter-~
action and hence larger k' values.

To check the validity of this explanation two soluﬁions Cor-

taining 0.5% diglyme with 0.1% and 0.2% iso-propanol respectively were
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prepared, to ensure a higher concentration of diglyme at the active
surfzce and thus to maintain saturation of the surface. It is interest-
ing to note that the 0.1% iso-propanol, 0.5% diglyme, data points co-
Incide with points at the same.isowpropanol level with 0.2% diglyme,

but that with 0.2% iso—propaﬁol, 0.5% diglyme, the values are lowef.
This is shown in figure VIII.6, which also shows thaf the relétive
position of the HuEAQ Epoxide band was shifted towards H#EAQ when the
0.2% iso—pfopanol, 0.5% diglyme solvent was used. These results support
the suggestion that iso-propanol removes diglyme from the adsorbent;

in order to reduce the k' values with iso-propanol it would be necess-
ary to increase the diglyme concentration significantly above the 0.2%
concentration.

Di-iso-propyl ether (IPE) has a similar functiornal group %o
that of diglyme; moreover it has a lower solvent strength than ethyl
acetate ( %,0.28 compared with g 0.58 for ethyl acetate). 1In order to
offset an inerease in the amount of 'ether—group—functioﬁ' in solvents
containing.both diglyme and IPE it was decided to reduce the diglyme
concentration to 0.1%. 'The diglyme surface layer should be maintained
at this iower level because the lower solvent strength of IPE would ndt
displace it from the surface as might ethyl acetate. The solvent system
used eontaihed 0.1% diglyme and 2% IPE.

| The results obtained using this sqlvent systém are shown in
Table VIIT.10, for a flbw—rate of'O.Tml/hdn and injection of O.a}d of
a synthetic beking Solution.

The data in Table.VIII.lO shbws that the values of N are high,
6ver 1,000 plates for all components. Ihis factor, with good resolutions_
and short analysis times, Suggested'that this was an optimum chromat-
ography system for the maln quinone compounds and the H4EAQ Epoxide.

At This stage a column of even higher efficlency was acqulred, and

subsequent work was done using the Waters )4~Pora¢ilf column.
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Table VIIT.10.

Elution with 0.1% Diglyme, 2% IPE in n-Heptane.

Compound £ _ k! N R

R
; (mil’l )

HSEAQ _ 2.55 ‘ 2.0 1664 8
‘ A _ 2.2
HﬁEAQ 3.2 2.76 1600

: 1.69

- H#Epoxide 3.85 _ 3.5% : 1171 ,

' ' . : 1.07
EAQ , .35 o 4.1 1514

2.4 Cbromatography on the Waters 'W-Porasil' Column.
The Waters column, of length 30cm and internal diameter 4mm,

‘had been claimed7

9 to have efficiency wvalues of about twige those ét—'
tained With tbe Varian SI-10 coluﬁn, and, because of 1ts larger dimen-
. sions, was said to be mych léss sensitivé to extra—éolumn band~broadening
effects. When first obtained it was conditionéd With.E% IFE in n-heptane.
Tt was decided to take advantage bf the uncontaminatedrnew_‘ |
columh in_order to assess the pérformance of-some-nﬁﬁ—diglyme—contaiﬁing.
solvent systeﬁs, before using diglyme systems td_continue quanfitative
studies. |
. Samples of Some.of the ﬁqEAQ Epoxide degradgtipn préducts,
naﬁely ther'ﬁono-hydroxy"and 'di;hydroxy' reduction products (Chapter
I,'compounds VIII.and,IX reSpectively):and"hydrolysed HﬁEAQ.ﬁboxider
l(Chépter_I, compound XI),.beééme available from Laporte Industries.
'Trial injeétions of solutions of some of these compounds with some of
the previousiy investigafed.501vent systems indicated thaf_a fairlyr
 gtrong solvent would be fequired to chromatoérapﬁ them guickly. It was
decided to use an iso-propancl in n-heptane solvent to investigate the
.separationlbf these compounds .

A solution containing approximately eﬁual amounts of the above-
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mentiohed compounds and éf.H#EAQ Epoxide was made up, and aliquots of
this were eluted with 2% iso-propanol in n-heptane at a flow-rate of
1.8m1/minute. Although separations were adequate, the efficiency values
obtained from these runs ranged from N = 459 to N = 1156, a disappoint-
ing range of efficiencies, lower than had heen expedtcd. Tt was thought
that the colum might not be homogeneous with respect to surface hy-
droxyl activity, which ﬁight make the adsorption-desﬁrption process for
the hydroxyl compounds slow and reduce efficiency. In drder to ensure

a uniformly active columm a small amount (abouf lbml) of a 1:3 mixtufe
of water and ethanol was pumped through the colum, and this was foll-
owed by elution wifh 100ml each of ethanol, pure iso-propancl, 25%
iso-propanol in n-~heptane, 5% iso-propancl and then 2% iso—propanoi.
After a suitable stabilisation”period with this 1étter soivent the mix-
‘ture of hydroxyl compounds ﬁas agéin.injected. ‘Results similar to the
earlier injections were obtained with regard to k' values, but N values
for the hydroiy—compounds wefe between 1547 and 1975, which at a flow-
rate of 1.8ml/min was considered good.

Tater a series of quantitative studies was made on these
hydroxy~compounds using this coiumn and a 3% iso-propanol in n-heptane
solvent at 1ml/min flow-rate. The detailed results of the qualitative
aspects of these studies are shown in Table VIII.1ll. It is intéresting
to note that two, 6verlapping, peaks were obﬁained for the 'di-hydroxy'
compound with most of fhe separation systems used. This phenomencn
will be discussed_in éection 3. A typical.ehromatogram is shown in -
figure.VfII.T. | |

On changing from 2% iso-propanol to 2% di-iso-propyl ether it
was found that H#EAQ epoiide elﬁted at thg samo‘posit;on as EAQ. At a
flow-rate of 2ml/hinute.the EAQ peak was eluted at k' 7.55'with an
efficiency N = 2450 plates; the epoxide had a similar k' value. This
solvent was used here to try to clarify fthe action of diglyme in an

attempt to explain the results in terms of deactivation of the adsorbent
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or formation of a selective surface phase. Results obtained using the

IPE/n-heptane solvent were considered as a 'blank' value, from which to

gauge the effect of added diglyme.

Table VIII:11.

Elution of HqEAQ Epoxide Degradation Products with 3% iso-Propanol.

N/t

Compound . k! . "R N H
or Number ‘ ‘ (N/second) (rm)
H EAQ Epoxide (.11 ' 4ihy 21.5 - 0.072
* 7.23 :
VIII | 0.76 LoBY 13.3 0,074
8.13
XT 2.03 3559 6.7 0.084
4,04 - '
IX peak 1 3.02 3229 | 4.6 0.093
071
4. 0.092

IX peak 2 3.e2 3246

When the previously developed solvent of 2% IPE and 0.1%

diglyme in n-heptane was used it was found that the k' values for EAQ

and HﬁEAQ Epoxide respectively were 2.09 and 1.89. Table VIIT.12 shows

results obtained with solvents containing 2% IFE, with 0%, 0.1% and

0.2% diglyme respectively.

Table VITI.12.

Effect of Diglyme Concentration on FAQ and H#EAQ Epoxide Capacity'.

Factors Using 2% IPE in n-Heptane Solvent.

% Diglyme k|H4EAQ Epoxide *'Eaq
0 | 7.6 7.55
0.1 1.89 2.00
0.2 1.37 1.59 |
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From the data in Table VIIT.12 it is seen that the addition
of a small amount of diglyme has a marked effect on k', this effect
+beling stightly differential with respect to the epoxide group, i.e. tﬁe
presence of the epokide group causes the molecule to be eluted earlier
than if the group were absent. If the mechanism of chromatography in
the presence of diglyme were the formation of a selective surface céat-
ing which interacted particularly strongly with the epoxide, then cne |
would expect the epoxide to become later-eluting on the formation of

- such a surface-layer, This was not the case, so the mechanism is pre-
sumably one of selectivé deactivation of sites able to interact Wifh
the epoxide group. The epoxide would then have less Iinteraction with
the column than would EAQ, whose group~selective adsorption sites on )
the silica are less deactivated by diglyme, This faétor‘will be dis-
cussed in section 3.

Tiqe 2% IPE, 0.1% diglyme solvent was further investigated, at
different flow-rates, and these studies showed that individual efficiency
values of over 0,000 plates could odcasionally be obtained at low flow~
rates, 0.5ml/min or less. Representgtive'N values at flow-rate 0,5ml/
minute were about 5,300, but these dropped to about 3,000 plates at
about 2ml/minute or higher. This loss did not present a problem, as
separatioﬁs\at 3,000 plétes are found to be quite satisfactory.

Before attempting a detailed quan@itative'study of this system
‘an injection was made éf a mixture of EAQ and benzil; a previously ex-
amined potential intermnal standard. The benzil was not well resolved
from EAQ (R = 0.54), and because of this poor resolution could not be
used as an intérnal standard with this particular solvent system.

. This ﬁinding posed a considerable problem, as benzil was -
otherwise an cminently suitable internél standard material and, in pfe-
vious studies using 1% diglyme in n-heptane, had eluted in a clear space
in the chrbmatogram. It was therefore necessary to ei%hef change the

internal standard or to change the solvent system. The latier was, in
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practice, simpler and quicker to effectf The solvént was thus changed,
from 2% IPE with 0.1% diglyme, to 2% di-iso-propyl ether with 0.2%
‘diglyme in n-heptane. This relatively small change.ih composition was
effective in increasing the resolution between EAQ and benzil to R = 1.5,
which was satisfactory for quantitative use. |

This change in solvent compésition altered the parameters of
other separations slightly. Quantitative studies were later carried
out and are reported in Chapter X. The data relating to the qualitative
aspects of these studies are shown in Table VIII.13. This data may be
compared with the data of Table VITI.10, which applies to the Varian
column at a lower flow-rate, but which indicates the parameters obtained
using a 2% IPE, 0.1% diglyme system. Table VIII.13 was compiled from
chromatograms run at a flow-rate of 1.0ml/minute, using an'injection of
O.%fﬂ of a synthetie Working Solution containing EAQ, 0.4%; HAEAQ,‘l%;
H8EAQ, 0.5%;'H£EAQ Epoxide, 0.5%; and benzil, 0.75%, 2ll in 'Sextate'.
The chromatogram shown in figure VIII.S is representative of the sep-::.

arations achieved.

Table VITI.13.

Elution of a Synthetic Working Solution with 2% IPE, 0.2% Diglyme.

Compound k' R 7 N N/t

H
(N/sec) (tm )
HoPAQ - 0.65 2012 6.36 0.149
2.94 -
H, EAQ 1.08 - 3203 - 8.03 0.093
CH >0 -
H,EAQ Epoxide 1.37 4367 '9.58 0.069
¥ 1.36
EAQ 1.59 - 3643 7.31 0.082
1.84 o :
Benzil 1.92 B505 7.67 0.069

It 1s apparent by simple comparison of the N values that the
Varian columq is about once-half or one-~-third as efficient asz the Waters

column using similar solvents, allowing for difference in solvent flow-rate.
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The solvent system of 2% v/v di-iso-propyl ether, 0.2% diglyme
and 97.8% n;héptane was, on the basis of ﬁhese results, considered to
"be the most appropfiate solvent system for the separation of the major
components of Working Sclution. Furthef studies were carried out to

determine the optimum conditions fbr separations.

2.5 Determination of Optimum Machine Running Conditions.

Good quantitation of chromatograms, obtainedlusing the optim-
ised solvent system, is dependent on the reproducibility of fhe column
in operaﬁion. The running conditions should be chosen to give the best
consistency while at the same timé giving the fast analysis tiﬁes aﬁd
high efficiencies needed for routine industrial applications.

Two factors are particularly important in the chbice.of run~:

ning conditions, these being solvent flow-rate and sample size injected.

2.5.1 Effect of Solvent Flow-Rate.

The solvent flow-rate affects directly the efficiency of the
column and the analysis time. High flow-rates producé fast'analyses but
low efficiencies, a compromise ﬁsually has to be made between both para-
meters.

The effect of flow-rate was investigated by injecting O.%gl
samples of synthetic WorkingSolution at different solvent flow-rates.
The data obtained from fhese chromaﬁograms was then processed. to give
various reiationships used to find the best running conditions, Tablé
VIIT.14 shows the effecﬁ of flow—rdte bn N, H and N/t {(plates generated
per second) for EAQand H4EAQ. Trese values are also shown graphically
in figures VIII.9 and VIII.10, for N and N/t o flow-rate respectively.

Trom the data in Table VIII.14 and figures VIIT.Q and VIIT.10
it iz seen that N increases with dééreasing flow-rate, as was éxpected;
There is a defininte inflexion point in the curves for both H&EAQ and

.EAQ between about Iml/minute and 2ml/minute flow-rates, at about 3,200
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plates, and -the valtes for plates generated per second rises to 22 at
about 3 to 4ml/hinute. The required best running conditions are thus
at 3 to 4ml/min for fastest analyses or abt 2ml/minute for better effic-
iency and slightly less rapid anaiyses. Below 2ml/minute there is
little gain in efficiency until flow-rates of about O.5ml/hin are reached,
whereas above Zml/minute the efficency drops relatively rapidly with
increase in flow-rate, and resolution of peaks suffers both by loss of
column efficiency and by the rapid elution of peaks which are too fast
for the detector and recorder to fully regiéter.

A compromise value for flow-rate was éhosen of 2ml/minute,

s0 that good efficiencies coupled with acceptable analysis times were

obtained.
Table VIIT.14.
Relationships Between Flow-Rate and N, H and N/t.
H,EAQ . EAQ
Flow-rate N H N/t N H N/t
{ml/min) (mm) (N/sec) {mm) (N/sec)
: 0.40 hoko 0,071 . 5.1 5357 0.056 5.1
0.50 3055 0,076 5.9 5257 0.057 6.5
1.00 224 0,093 9.2 1380 0,068 10.1
1.5 ' 3170 0.095 13.6 3750 0.080 13.0
2.0 3080 0,097 17.3 - 3634 0.085 . 16.%
3.0 0 2666 0113 21.8 Ze23 0,093 2l.2

4.0 1890  0.159  20.0 . 2573 0.116 - 22.1
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2.5.2 Eifect of Injected Sample Volume.

The effect of sample volume on column efficiency was detefmined
by injecting different volumes of a 0.5% w/v'EAQ‘SOiutiOn at a solvent
flow-rate of 2.0ml/minute. The peaks so obtained were measured and
their N and H values were calculated and plotted as showm in figure
VIII.1Y, H versus volume of 0.5% EAQ injected. |

The data, as'might be expected, shows a definite dependence
of H on volume injected. The injection of %ﬂl reduceé the N value (in~
ereases the plate height, H) by a facfof 6f abqut three compared with
the injection of O.%ﬂl. In order to use a sample large enough to re-
duce syringe inaccuracies and_still maintain a high column efficiency
it was decided to inject volumes of 0.%ﬂl for the subsequent quantit-
ative work. The inaccuracy involved in using such a‘smaii volume

.should be reduced by the uée of an internal standard.' A study of this

forms part of Chapter X.

%. Conclusions,

3.1 Use of Blnary Solvent Mixtures.

The use of ethyl acetate, isopropanol and di-iso-propyl ether. .
‘as components in binary 501vent.mixtures was found to give poor sépara—
tion of HﬁEAQ Epoxide from the quinoné compquﬁds. Dioxan and diglyme
gave acceptable separations of the epoxide, bﬁt wéré superceded by
ternary systems containing diglyme.

Iso—propanoi in n—heptane,gaﬁe satisfactory resolutions and‘
efficiencies for the three H,EAQ Epoxide degradation products. A

quantitative study using this system i1s reported in Chapter X.

3.2 Use of Ternary Solvent Mixtures,

The modification of the behaviour of diglymefcontaining solv-

ents by using ethyl acetate, iso-propancl and di—iso—propyl ether in
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admixture resulted in the development of an optimum solvent system for
quantitative analysis. This solvent contained 2% di-iso-propyl ether
and 0.2% diglyme in n-heptane. Quantitative studies with this system

are described in Chapter X.

3.3 Mode of Action of Diglyme as a Chromatographic Solvent.

Diglyme was found to adsorb strongly onto the silica surface
and was not readily displaced by n-heptane or by di-isc~propyl ether or
ethyl acetate solutioﬁs. Sblutions contaiﬁing iso~propanol showed evi-
dence of displacement of diglyme from the surface, which could be couni-
ered by increasing the concentration of diglyme in the sﬁlvent.

When added to 2% di-iso-propyl ether in n-heptane it waé fqund.
that diglyme markedly reduced the k' values of all of the Working
Solution components, but preferentially reduced that of H#EAQ Epoxide
relative to EAQ. This may be accounted for by the preferential adsorp-
tion of diglyme onto silica sites which show selectiﬁe adsorption of
ether functional groups. By blocking the ether-adsorbing sites more
than other sites the epoxide would be eluted earlier as observed.

| No chromatographic evidence was'found-bf the formation of a
liquid phase at the siliea surface. It is concluded that dmgiyme acts
in'the mammer descrlibed above, by preferentially blocking‘adsﬁrbent
sites, and is more successful for this purpose than simple ethers, such
as di-iso-propyl ether,rpossibly because the tri-ether structure of
diglyme allows an.effect to operate which is analogous to the ‘chelate'
éffect in inorganic chemistry. Any one ether group.of diglyme, when
;dsorbed at the surface, wéuld_ensure'that the other two groﬁps wére
close at hand, and thus there would be much less chance of all threé
groups desorbing at the same time. It would be difficult to remove such
an adsorbad species eicept by using a solvent which could form much
stronger hydrogen-bonds with the surface.

The use of diglyme, and of 1,4-dioxan, are specific examples
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of a general case, that is, of the‘uée of di-.or tri—fuoctional com-
pounds to selectively and strongly block certain adserpliion sites and
thus reversibly alter the chromatographic characterlistics of an adsorb-
" ent. One might thus expzet similar effects from, for exampie, thio-
diethers, glycol di-esters, glycerol tri-esters and other simllar com-
pounds. One of the attractive featcres of the use of diglyme is that
it caﬁ be removed by a strong solvent, e.g. ethanol, and the column can
then be changed in 1ts group-selectivity by application of another
solvent system, thus ensuring the maximum usage of the often expensive

pre-packed column,

3,4  Separation of H,EAQ Epoxide Degradation Products.

These compounds were well-separated by a 3% iso-propanol in
‘n-heptane soivent; guantitative studies are reported in Chapter X. The
order of elution seéms, at first sight, illogical. Since the 'mono-.
hydroxy' compound has one hydroxyl aod two carbonyl groups, the ‘di-
hydroxy' compound has two hydroxyls and one carbonyl, and the ‘hydrolysed
HqEAQ Epoxide' has two hydroxyls and two carbonyls, one would expect
them to elute in that order. Oc inspecting the structures (Chapter T,
compounds VIII, IX and XI respectively) it is seen that the groups
- attached to the ring-Junction carbon atoms are trans to each other, and
thus will only interact with the surface if‘the hydroxyl is on the side
of the mclccule which is adsorbing onto the surface. When viewed in
this_ménner the observed elution order is explained. Tho "mono-hydroxy'
compound has two carbonyls in the planc of the centre ring and only one
axial hydroxyl at the ring-junction. The 'hydrolysed H#EAQ Epoxide' has
a trans pair of hydroxyls on ring-junctions and two carbonyl grocps in
the plane of the ring, but only one of the hydroxyls can interact with
the surface at any one time; however, since the compound has this ar-
rangensnt on each side of the planar molecule it interacts in this man-.

ner each time it adsorbs, whereas the 'mono-hydroxy' compound can only



adsorb in this way, statistically speaking, on every other adsorption.
The 'dl-hydroxy' compound is of particular interest here, as there is

the possibility of two iscmerice forms as shown: -

These two forms will derive from a difference in the position

of reduction of the 'mono-hydroxy' compound. The structures differ
sufficlently to cause two separate péaks under the conditions ﬁsed iﬁ
these studies, and the position of elution is explained by the prob-
abllity of two hydroxyl groups being on the same side of the molecule.
This would make.a much stronger‘adsorptionlthan for either of. the éther
compounds. It is thus suggested that the above compounds are those .

labelled 'IX, peak 1' and 'IX, peak 2' in Table VITI.l1.

5.5 General Conelusions.

A successful solvent/adsorbent system‘was_developed and op-
" timised, and the applicafion of a principle of selective déactivation
was studied and elucidated.

The superiority of the small-particle—diameter high-efficiency
colums over the mediuvm~efficiency colums (Chapter VII) was clearly
shovn by the great Increases Iin plate numbers obtalned.

 The chromatographic behaviour of eight of the Working Solution

components { including the solvents) have been investigated.



It is considered that with the development of these systems,
and with the information implied above, the purely qualitative studies
Werelcomplete. The above systems were then used to quantitate and

further characterise the compounds making up Working Solution.



IX QUANTTTATIVE CHROMATOGRAPHY THECRY.

1. Introduction.

In the application of liquid chrométography to qﬁantitative
analysis, the analyst has to optimise and maniﬁulate his chfomatoéraphic
system and‘instrumentation-to obtain the best agcuraoy and precision.

To achleve this end it is'necessary‘té understand and be able to min—' '
imise the sources of error likely to arise in carr&ing out analyses.

Similarly, it is important to carefully select the methéd of
guantitation to ensure fhat it.is'of an accuracy, precision and speed
that'willlnot.introduce a larger-source.of érror than the éhromatographic
process itself.

Tastly, the statistical interpretétioh of the data obtained
by the chésen methods must give relevent information, and this in turn
fequires that the analyst should be conversant with ﬁhe statistical”broﬁ
cesses uséd and the degree of confidence helcan expect to héve in his

results. .

These general areas will now be briefly discussedlo’ll’le.



2.  Sources of Error.

2.1 Sources of Error in Sampling and Sample Preparétion.

The problem of obtaining a satisfactory.and truly represent-
ative sample of a bulk.material is.greater than is generally appreciated.
Considerable care is necessary, for example, when sampling large storage
facilities, to ensure that the material sampled has not segregated, |
been 1ocally contaminated by air, water or metal salts, or separated
into 1ayefs._‘Even on a small s§ale similar problems may arise, and
suitable precautions should be taken, by thoroughl& mixing the matérial
to be tested, to ensuré that the sample taken corresponds té_the bulk
material. |

‘When the sample is-subgequently prepared for analyéis it is
possible for further.errors to arise. These arise, for example, in the
weiéhing or pipetting of solutions, making up of solutions to a certain
volume and in ensuring that any dilutions performed are accurate. I%
islalso possible that some component of a sample may be insoluble or
only slightly soluble in a dilufing solvent, in which case.the results
obtained would give low values for such a éomponent.

It is apparent that the production of'high-quality'results |
requires care from the first stages of sample acquisition throughout the
analysis,.and also.implies the existence of a minimum, irreducible,

- level of error épplying.to all qudntitative analysis. This afises from
fhe accumulation of.small errors from all of the above steps and from

tolerances In the instrumentation and apparatus used.

2.2 Sources of Error in Chromatography.

One major source of error arises from the introduction of the
sample into the chromatographic system. In the present work, using
stopped-flow injection with a one-microlitre syringe, the reproducibility

of the volume delivered by the syringe 1s one of the limitiﬁg'factors.
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Since the long injection device requires that the sample be held in the
needle, which has fo be in contact with the Qhromatograpﬁic sblvent |
while the needle Is being inserted, the possibility arises of the diff.
usion of the sample into the solvent in the body of thé injection device.

.The injection techniQue, ineluding the preliminary thorough
washing of the syringe with sample solution, must be standardised so
that the possibly sizeable errors inherent in this operator-dependent
step may be minimised to reduce bias in results or large variations in
reéults.

The processeé involved‘in chromatography require somé inter-
action between the solutes and stationary phaseé. It is not unusual to
find that such interactions result in cheﬁical changes in the golutes
(e.g. .the case of alumina, Chaptér VI), or in distortion or tailing of
peaks, or even in irreversible adsorpfion of some'componénts of a mix-
" ture. Such behaviour requires selectlon of the optimum chromatogpaphic
sfstem t6 overcome it and fo give sharp, well—sepéfated peaks; since
these are the type most easily quantitated} Similarly; changes in thé
instrumen£ running conditions and in the Soivent can largely eliminate
peak tailing, which ié fortunately ﬁot as much of a problem in HFIC as

it is in GIC.

2.3 Sources of Error in Detectlion and Display of Eluted Compound

‘Peaké.

Some of the sources of error, such.as temperature and flow;
rate dépendence; have already been described in Chapter III, in relation
to the particular detector used herein. Other factors, such as faulty
connections between instruments, poor earthing and.voltage stabilisation,
contribute very little to a well-designed and well—operated instrument,
“but may sometimes cause problems.

The effect of sample size may be critical in determining the

limitations of use of a method (see Chapter VIII, 2.5.2). If a large
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sample causes the detecfof response to go into é non-lineér part of its
response range, then the results obtained would have to be discounted,
unléss a standardisation method could be used to provide calibration.

It is usuvally found more accurate and'precise to use standard-
isation and calibration techniques rather than to try to establish a
method based on fundamental relationships such as the U.V, absorbance
‘ of-compounds. Standardisation techniques wi;l be deseribed in section
L of this Cﬁapfer.

The errors introduced by fhe opto-electronic'and elecﬁronic
components of the detector, such as baseline drift and shbrt- and long-
term noise, were minimised as described in Chapter III. The errors
inherent to parts within the recorder, in the potentiometer balancing '
cirecuits and in the pen and chart drive systems, had presumably been
.minim%sed by the recorder manufacturers, but nevertheless must be re-
cognised as being present. The chartndrive,_for example, ﬁas by a step-
ping motor, which at very low speeds gave a perceptible stepping of the
forward movement of the paper, which might have an effect on measurement’
of peaklwidths. Any slack, or 'backlash', in the pen-drive, contribut-
ing to the recorder dead-band, ﬁould lead to loss of accuracy in meas—

uring peak heights.

%. Methods of Quantitation of Results.

There aré three types of quantitation in general use. These
are based.on: |

1. Peak height ﬁeasurement.

2, Manual peak area measurement.

3. Electronie and mechanical peak area integration.

3.1 Peak Height Measurement.

When using a chart recorder, this is the simplest quantitation
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method, consisting simply of drawing a baseline for the peak concerned
and measuring the height from the peak maximum to.the point on the
interpolated baseline direétly below it. The accuracy of the method
depends on the reproducibility of running conditions and on the proper
‘measurements being made by the operator. It is the simplest and fastest
manual method for reducing chromatograms to usable figures. The alt-
ernative methods, measuring peak area, are, however, fundamentally mofe
accurate unless considerable calibration of the peak height system is

carried out.

3.2 Manual Peak Area Measurement.

3.2.1. Helght Times Half-Height-Width.
Since most chromatographic peaks from optimised systems app-
roximate to tfiangles, the area of the trlangle may be calculated simply

from the formula:

W
2

A=

where H is the.friangle height and W is the base width. A simplification
of this method, by substituting the peak height for H and'apprdximating
g;‘gives results proportionate to the
ﬁeak area but slightly less than the actual peak areé. This différence

the peak-width at half-height to

is not important if calibration curves of the compounds to be tested
are available. The use of the half-height-width avoids the difficulty
of décidiﬁg exactly vhat the basé-width should be in oéses of tailing
- or overlapping peaks., Falrly accurate widths, even for fast peaks, can

usually be obtained by an increase in the chart-drive speed.

3.2.2 Triangulation.

Carrying the previous principie further, it is usually possible

to construct a triangle on the peak by drawing tangents to the peak at
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the half-height and-interpolating a suitable baseline. The point of‘
intérsection of the two tangents is then the apex bf the triangle and
the normal triangle area formula would be usea.

A major limitation with this technique is with the consfruc—
tion of tangents to the peakf for a small difference in the angles of
the tangents, particularly on narrow, sharb, peaks, can lead to very
large errors in the area calculation. Similarly, some peaks approximate
to the Gauésian shape, and determining the correct tangent might thus

be difficult.

3.2.% Cut and Weigh.

.AS the néme ;uggests, this_involves the cutting'out of the
peak, followea by an accurate weighing of the baper S0 obfained. The
papér is one of the limiting factors, since it has to be very homo-
geneous to give good reproducibility. The cutting-out part of the
procedure is subject to operator error in deeciding éxactly what cone
stitutes the peak. On the whble, the methed is, with care, superior
to the prévious two methods, particularly for irregular peaks, since it

does measure the whole peak and i1s not an approximation.

3.2.4 Planimetry.

Whereas the first two area measurement methods‘only approx-
imated‘to the exact peak érea, thé éut-andéweigh and blanimetry methods
follow the actual peak outline and thus glve a better representation.of
the true peak area.

The planimeter is a mechanlcal device by éeans of which a
skilfulroperator can get results of similar accuracy to the cut-and-weigh
method without deétroying the chromatogram.‘ The pbinter of the plani-
meter is used to follow ﬁhe peak outline and the peak area islshown as
a number, convertible to peak area in various units by using different

factors, this nuinber being derived from the distance travelled by the



planimeter drive wheel in contact with the chart paper. It is necessary
to have experience and skill in the use of the planimeter in order to

obtain good results, and the measurements are time-consuming.

3.3 Electronic and Mechanical Peak Area Integration.

3.%.1 Mechanical Integration.

The most widely-used mechanical integrator, in use with é
wide range of* chart recorders, is the DISC integrator. This devide may
be adapted for use in conjunction with a number of different manufact-
urers' recorders or may be built in as an optional extra;_ The device
operates by a mechanical linkage between the recorder pen-~drive and a
mechanism which zonverts the pen deflection to vertical movement of the
integrator pen. The integrator pen then draws a zig-zag trace, with
éach leg of the zig-zag répresénting a certdin peak area. The nuﬁber
of such liﬁes drawn uwnder a peak is directly proporfional‘to the area
of the peak. The syﬁtem and its mechanical prineiple are_deseribed in
several texts and in a DISC publicationSo.

This device is relatively simple to usé, is cheap compared
to electronic integrators, and ﬁas been in wide use in GLC for a number
of years. It gives good accuracy with well-separated peaks but is
_slightly more difficult to use with partly—resolvedlpeaks, and allowance

has to be made for baseline drift.

5.%.2 Eleetronic Integration.

Electronié integratoré generally také their input signal
directly from the deteotbr as a voltage, and convert this to a series
of pulses of frequency proportional to the voltage. The pﬁlses thus
generated'may be counted electronically or eleétro-ﬁeohanically, and
friggering circuits working on rate of change of fhe pulse—rafe enable
- prints-out of counts after psaks. The printout may be simply as several
numberé, or in more advanced instruments may be further processed to

yield data such as the proportion of cach peak to the sum of all peaks
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in a chromatdgram. Thié approach leads inevitaﬁl& to the concept of
using small dedicated computers to ﬁomplétely analyse results.without -
any operator intervention, but this is relati#ely costly and is normall&
only'justifiable for laboratories with a large routine sample_throughpﬁt.
The problems encountered with electronic integrators are
mainly concerned with their ability.or‘inability to allow for baselihe
drift and to discriminate between partially resolved peaks or inflection
points. The more expensive inst:uments, currentiy abouf £2,000 to £3,000,
have facilities for coping with these difficulties, but the simpler
instruments require constant adjusfment of the baseliné level in order

to obtain reproducible results.

3.4 Methods of Quantitation Used in These Studies.

Two methods were used; these were peak height measurement,
becauée of its speed and simplicity, and electronic integfation because
of the smaller subjective error likely to occur. The peak heights of
the studied chromatogfams were teken as previously described. The
integrator used was a Kent Chromalog Mark I.

This integrator, cne éf the first types to be used routinely
in GLC, was a relatively simple instrument in that it had no ﬁeans of
allowing for baseline drift, and its function was to integrate peaks
and record and display the count by an electro—mechanical mechanism -
printing onto paper roll. HNo furfher treatment of the data so obtained
was possible wi%h this instrument, It was possible to set the.machine
to print out at certain levels, e.g. 19 §f f.s.d., éboﬁe the set base-
line, and there were also two circpits to trigger p%intout when peaks

had been sensed and measured,

4, Conversion of Numerical Data to Sample Concentration,

Having obtained numerical data it is necessary to correlate
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thesé wlth certain concentrations or amounts of the substances analysed.
There are three methods of making such correlations, these gre
| 1. TIniternal standardisation

2., Calibration by extermal standards

%. Area normalisation.

Of these, the firs{ two are the more widely used in HPIL.

4.1 Tnternal Standardisation.

By the addition of accurately known amounts of an internal
standard compound to sample solutions and subsequent ch:omatography of.
the mixtures it is possible to eliminate errors associated with apparatus,
injection technique and some other factors. The height or area of the’
.internal gtandard peak is used as a reference-point: by compariné the.
other peaks to the internal standard, which represents an accurately
.known amount of material, the relaﬁive amounts in the other peaks may
be found. The resulis are aftén givén graphically by plotting‘the ratio
of area (or height) of sample peak divided by the arca (or height) of
the internal standard peak against tﬁe pereentage or weight of the sample.

It follows that the iﬁternal standard peak must be well sep-
arated from, but close to, the peaks it‘is required to measure.‘ Also,
it must be similar in size to the measured peak or peaks and‘should not
“interact with it chemically. This mefhod givés good résuits with res-
pect to accuracy and precision, since the effects of errors bf injection

and differenées in flow-rates from run to run are minimised,

4.2 Calibration by External Standards.

- If the running conditions and ihjection.teohniques are suf-
ficiently well stabilised and controlled it is poséibie to use external
rather than internal standérds. With this technique a series of samples
of different known concentrations of the substance to be determined and

" injected and the peak parameter (area or height) is plotted against the



amount of sample in the injection. By this means a calibration graph
is obtained, which is valid under those running conditions only, buﬁ.
which can be used to correlate a value ofrarea or heightrwith an amount
of sanmple.

This is slightly simpler to use than internal standardisaﬁion,
particularly when a large number of samples must be examined, but the
chromatographiec conditions have to be rigorously controlled in order

to get reliable results.

4.3 Area Normalisation,

This technigue, used much more in GIC than in EPLC; reqﬁires
_that all of the applied sample should be eluted as péaks. The areas of.
all the peaks are then summed, and the area of a component peak divided
by the sum gives . a measure of the proportion of the gompoﬂent in the
app;ied sample.

The main reason why this is not more useful in HPLIC is because
many detectors have a response which varies considerably depending on |
‘the type of compound being eluted, unlike thé F;I.Detector in GIC, which
is dependent'for size of responée on the carbon content of the elutédi
compound,. - The U.,V. detector, for example; shows very little response
with aliphatic hydrocarbons but gives a large response to fused-ring
aromatics.'lThe summing of peak areas as thgy'are obtained by an integ_
rator is thus not valid.as a means of summing concentrations. A weight-
ing factor, for the detector's specific response to each component, “'
would have to be established and -used to convert each area to a common
scale of values where. such normalisation would be vélid. This procédﬁre
is tedious and often, for unknown or poorly characterised compounds, is

not possible.
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5.' Statistical Interpretation of Results.

While it is possible to use statistical methods of considerable
complexity in investigation of errcors, in inter- and intra-methed var-
iations, and in assignment of degrees of confidence to results obtained,
1t is onlﬁ intended here to describe two simple functions, in addition
to the mean or average, in common use. These are the standard deviation,

o, and the coefficient of variation, C.

5.1 S8tandard Deviation, g

In order to aetermine whether a series of results is signif-
icantly more precise, that is ﬁore closely reproducible, than another
and different series, it is necessary to apply same:operation to the'
sets of figures to bring them to a comparable state. A simple method
is to take the difference between the highest and lowest values of the
series, this being termed the range, and to compare the ranges of the
two sets.‘ It is, however, possible that one or two 'wild"readings
might artificially expand the range and so distort the conclusions
obtained by such a conparison. ‘In order to allow for such 'wild' read-
ings, and to allow for less drastic deviations from the mean, a method
is used of weighting the values depending on their distance from thg
mean. This gives rise to the standard deviation, g, which is mathem—

atically defined as:

JElx, - %)

o = T ‘ for small values of N
whére
Xi = each measured value
i = mean ﬁalue

N = number of measurements (preferably 5 or more)
The normal Caussian distribution curve of probability indicates

that 68% of all results will lie within + ¢” of the mean value and that
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95% of all results will lie within + 2¢7of the mean value.

Values of ¢ would normally be quoted with the mean, thus
giving information about the preciéion of a particular determination;
however, in comparison of peaks of different siées it is still difficult
to compare precision without a fufther function, the coefficient of

variatidﬁ, C.

5.2 Coefficient of Variation, C.

The coefficient of variation is a.simple and logical Waj of
converting valueé of g for specific values of a.meah to a general meas-
ure of preéision which can be used regardless of peak size.

This éonversion is simply carried out by dividing the wvalue
of ¢~ by the ﬁalue of the mean and thgn multiplying by 100 to bring it

to a percentage:-

-
C =3 x 100

The value for C gives a more rapid way of appreciating which

of many seriles of figures gives the better precision.
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X QUANTITATIVE CHROMATOGRAPHIC STUDIES.

1. Introduction.

1.1 General..

. The accuracy and pregision'of quantitativé'dgta dbtainéd
using the systems described.in Chapter VIII were investigéfed in order
to fihd the most suitable conditions and procedures for roﬁtine analyses,

- Results from the two methods, i.e. peak area and peak height
measurementé, were first compared with respect to precisicn. The pre-
cision of results is mofe important ip.mbst cagses than accuracy
because, with the use of appropriate standardisation, pfécise but in-
accurate (i.e. biased) data can'bé‘corrected. If the technique 1is very
imprecise, standardisation is in general a waste of time.

After deterﬁining the most’suitablé gquantitation method, this
was used to construct external standard calibration curves for indiv-
idual componcnts of Working Solution. These curfes werc then used in

the analysis of a synthetic VWorking Solution of known composition, ang
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subsequently for the examination of samples of Working Solutions. The
external standardisation method was chosen for routine work because of
the relatively simple operations involved. Internal standardisation
was also investigated in an attempt to reduce errors not affected by
the external standardisation procédures.

Factors comnected with improving precision willl also be

discussed.,

1.2 Opérating Conditions.
The quéntitative studies were made mainlj using the 2% IPE,
L 0.2% diglyme in n-heptgne solvent wi£h the Waters column. Some earlier
data, obtained using 1% diglyme in n-heptane witﬁ the Varian Si—ldnwun
'column, has been ineluded, To avold repetition of descriﬁtibns of
©  specific systems, the systems énd conditions shown in Table X.1 have

been denoted as A and B. Any departure from these 1s described as

. necessary.
rTable X.i._
Chfomatographic Sysfems and Operating'Conditions._
Parameter l ' éystém A System B
- Solvent 1% diglyme in n-heptane- - 0.2% diglyme,

: ‘ . 2% IPE in n-heptane -
Colum . ‘Varian SI-10 h Watersu -~Porasil
Flow-rate 0.5m1/min .2.0m1/hin
Sample size ' 0.1x - 0.2l
Detector Wavelength ~  254nm '251an
Recorder f.s.d. 200mV 100mv

- The syringe used was a 1 microlitre Hamilton seriles 7000
model with a 12.5cm needle. The tip of the needle was slightly mod-

ified by careful grinding so that the tip was flattened; this was to



reduce sample size variations and losses by diffusion into the body of
the injector device. A spacer was fitted, as described in Chapter

VIII,'to ensure the .accurate positioning of the syringe needlex

2. Comparison of Precisiong Obtained Using Pealk Area and Peak Height

Measurements.

2.1 Method.

The 'Kent Chromalop' Mark.I integrator input was conﬁected,
through a voltage divider (a ten-turn, ten kilohm, oalibratedlpoten—
tiometer), to the recorder 25hnm-channel input. The intégrator had a
Pixed range of from O.to 10mV f.s.d., xxrh;tcﬁ neccssltated the use of the
voltage divider when using the 100mV and 200mV ranges bn tﬁe recofder.
The integrator and veltage divider were adjusted so that a
full scale deflection on the recorder gave a similar full scalé de-
flection on the integrator meter. A cheek of the aeccuracy of the
matehing of these was made by adjusting the recorder pen to wvarious
deflections and noting the corresponding integrator mefer deflection.
Having adjusted the range, the integrator zero and triggering
. controls were sef to print out readings at appropriate points in the -
chromatograms. -It was found that the baseline of the integrator was
uﬁstable,_and that it was necessary to reset the inteérator ZeT0 before
each injection. | ‘ |

When the chromatograph and integrator were appropriatelj ad-
Justed injections were made by a set procedure. This requifed the
shutting of the injector ball—valve.and switching off the pump, followed
by injection of the sample, release of the injector ball-valve, and
re-starting the pump. This series of operaltions was completed, typic-
ally,in 15 to 20 seccnds.

Thé chromatograms were then measured and, together with the

integrator data, were processed as described in Chapter IX to obtain
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the mean, standard deviation and coefficient of variation for each

parameter of each peak.

2.2 Results Using System A.

A series of ten injectibns of a 1% HqEAQ solution using system
A, with 1.5% diglyme in n-heptane solvent, gave a coefficient of var-
iation of 14.0% for peak area measurement and 2.9%‘for'peak height
measurement, The discrepancy between theselvalues may have been ﬁartly
due to slight variations in integrator baseline adjustment, but cannot
"be wholly éscribed to this effect.

.Later'work'wifh.the standafd system A,rusing six.injections
of a2 10% dilution of Working Solution sample, gave the results sﬁgﬁﬁw

in Table X.2.

Table X.2.

Injections of a 10% Dilution of Working Solution.

Peak ' Peak area . Peak height

meaﬁ area o C(%)' | mean height - .CT’ C(%)

(counts) (mm)
Solvent 1 41.3 1.97 | 5.8 22.9 1.16 5.1
Solvent 2 30.2 .36 144 _ - 16.7 0.75 k.5 _
HgEAQ - 14.5 4.85 33.% m75 E 0.27 3.7
| HFAQ 497.3 - 15.2h 3.1 149.8 k2 2.8
gﬁgﬁde' | 85.0 8.37 9.8 22,8 1.05 4.5
Unknown 13.0 .41 26.2 8.3 1.08  13.0
EAQ 614.0 33.11 5.4 158.6 L.7h 3.0

These results show that for large peaks, e.g. HAEAQ and EAQ,
the two methods give similar values for coefficients of variation, but
that for small and medium peaks the peak height measurement has typlcally

twice the precision of the integration.
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2.3 Results Using System B.

' In obtalning values for the work on external standardiéation,
described in section X.3, a series of solutionS'of'different concentra-—
tions of two pure components were injected using system B. Coefficients
of variation for two of these series of solutions are shown in Table

X.3.

Table X.3.

. Coefficients of Variation for HEAQ and H,EAQ at Several Concentrations.

Concentration : C for HgEAQ (%) . C for H&EAQ (%)
(% w/v) - ' . -

‘ Area : Height ] Area Height
1.0 3.5 2.2 6.2 . 3.8
0.8 0 3.8 1.5 kT 1.8
0.6 | 4 1.4 9.5 : 3.7
0.4 5.7 2.6 6.2 1.9
0.2 7.5 ‘ 1.4 117 3.9

0.1 25.3 8.6 10,0 2.2

The' peak héight measurements are agaln seen to
be more precise than areé measurement, particularly so for smaller
peaks. For the majority of the selutions shown in Table X.3 a coeff—
loient of variation of about 2 to 3 might be expected from peak height
measuremenfs.. The valué for peak area measurément would also bé much
nore dependent on peak size than that for height, since small peaks
require a-very precise control of ihtégratof baséline fo obtain precise
results,

In order to determine whether the precision obtainable by the
two methods was changed significéntly in measurements of components re-
solved from a mixture it was necessary to injeet aliguots of such
mixtures. Tnis was carried out as part of other studies deseribed in

section X.3. A synthetic Working Solution, containing 0.4% EAQ, 1%



H,EAQ, O. 5% HgPAQ and 0.5% HyEAQ Epoxide, was made and six aliguots
were injected. The coefficients of variation derived from these data

are shown in Table X.4.

Table X.4.

Coefficients of Variation for a Synthetie Working Solution.

Component, ¢ for Peak.area (%) | C fof Peak height (%)
HFAQ . 27 _' 1.

H,EAQ 3.1 | - N
CHEAQ I e
Epoxide o ' 11.8 - - 1.4

EAQ 5.9 | 1.9

In view of the consistently superior precision of the peak
height measurement method over the use of the Kent Chromalog integ-
. rator peak area measurements it was decided to use solely peak height

- measurements in further-quantitation studies,

' 3. Eﬁternal Standardisation by.Peak Height. -

3.1 Construction of Calibration Graphs for the Main Components.

Sol'ufcions were made up of HgFAQ, z_{4EA§:_EAQ and H,EAQ Epoxide
in Sextate solﬁent. Thé,soluiioné contained 1%, 0.8%,0.6%, Q.4%, 0.2%
and d.l% w/v of the solute respectively, except for EAQ solutions which
contained 0.5%, 0.4%, 0.3%, 0.2%, 0.1% and 0.0S% ﬁ/v.

Six injections of each dilution of each cémponent were ﬁade
using the standard systemté. The peak heights were measured and standard
deviations were calculated for each set of injections. The four sets
of data obtained are given in Tablés X;5 to X.8 inclusive. The data
are also shown graphically in figures X.l to X.4. Fach datum point is

plotted together with a line representing + 1o
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Table X.5.

Peak Heights, Standard Deviations and Coefficients of Variation.

for AQ.

Concn.'HSEAQ (%) 1.0 0.8 0.6 0.4 0.2 . 0.1
Mean peak height (mm) 118.6 97.3 6.8 51.7 27.6 14.0

o : | 2.50 1.44 1.04 1.33 0.38 1.21
C (%) 2.2 1.5 1.4‘ 2.6 1.4 8.6

Table X.6.

Peak Heights, Standard Deviations and Coefficients of Variation

for HIEAQ.
Concn'HaEAQ @) | 1.0 0.8 0.6 0.4 02 0.1
Mean peak height (mm) 1%6.8 123.3 97.7 69.8 37.5 18.8
o | 550 2.25 3.60 1.29 1.45 0.h2

c (%) . 3.8 18 37 1.9 39 22

- Table X.7.

Peak Heights, Standard Deviations and Coefficients of Variation

for H,BEAQ Epoxide.

Concn'Hl\LEAQ Epoxide (%) - 1.0 0.8 0.6 0.4 o'.-e 0.1
Mean peak height (mm) 57.% 45,7 6.3 23.5 12.0 6.1
- | 2.88  2.58 1.92 . 1.B1 0.63 0.4%

¢ (B 5.0 5.7 5.3 6.0 5.3 7.1
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Table X.8.

Peak Heights, Standard Deviations and Coefficients of Variation

for EAQ.
Cone™ EAQ (%) . 0.5 0% 0.3 0.2 0.1 0.0
Mean peak.height (mm) ‘ 16#;9 143.4 127.1 90.4 f46.9 __22.51
o o . 7.41 '5.98 1.96 1.2% 2.89 1.58
) S k5 M2 1.5 137 6.2 7.0

The calibrétion curves oﬁtained (figs. X.l.to X.4) may be

" seen térbe épﬁrqximately linear below about 120mm height{ and quve
more above this peak height. This curvature might be expected,las the
detector calibration (Chapter III).showed that the.detector response
became more non-linear as absorbance,.equivalént to peak height,‘in—.

creased.: Apart from this curvaiture the calibration was acceptable.

3.2 Construction of Calibration Graphs for H),EAQ Epoxidé and its.

Degradation Products.

For this group of components a'3% isé—pfdpaﬁoi.in_n-heptape

-solveﬁt was used'to.elute thevWaters column at 1.0ml/minute, as des- |
cribed iﬁ Chapter VIII, section 2.4. A repfeseﬁtative chromatogram of"
this separation ié shown in fig.‘VIII.T.f_

| This groﬁp_of compoﬁnds is‘usuallﬁ'present at low'concentraﬁ
tioﬁs in.Working;Soluﬁion. In addition the individua1 éompohénts have
considefably léwer U;V.'absorbances than, for egaﬁple, EAQ, so that the  
peaks one ﬁight expeect to find in Wbrking Solution Woﬁld t&piéaily be '
small‘at therdilutions usually used'fof the QUinone cémponénts'_deter—
minatién.' In order to measﬁfe aﬁpropfiately_iow conéentrations df
these compounds-two methods were used.td iﬂcrease the peék sizes of
the elutéd components. Firstiy, the.recorder ©.8.d. Was_changéd-from
100mV to 50mV, which doubled the peak height but also.increased the

baseline noise. Secondly, for the two lowest concentrations, injectionS'
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of O.%ul and of %ul were made. The peak-heights of the %ﬂl Inject-
ions, when adjusted to the equivalent of a O.%ul injection, were very -
similar to those obtained with the O.%ﬂl injections. It was possible

to obtain measurable peaks down to a concentratién of 0.02% fér.HqEAQ
Epdxide and each ofl its degradation products. The ekﬁected loss of
efficiency resulting from.using a larger aliquof (see Ghaptef VIIT)

made no significant differences to the resolutions obtained. The data
derifed frém_theée.chromatograms are given in Teble X.9 to X.12 in-~
clusive and are shown graphicailly in figures X.5 to X.8, _The déta dp
not include accurate standard deviation and coefficient of variation
values becéuse only three injections of each solution wére made. The
calculation of standard deviation from thrée.points is not statiéﬁigélly
valid. The.raﬁge of vélues obtained can, howevér; be used to give an
estimate of standard deviation. In this case, with three readings, the
standard deviation was obtained. by multiplying the range by 0.59112.

The estimated standard deviatlon values are included in tﬁe Tables, but
' are ﬁOt showﬁ graphically. The values shown_in Tables X.9 to X.12 have )
been adjusted to be equivalent to a O.%Fl injection with the recorder |

at 100mV full-scale deflection.

Table X.9.

Values of Peak Hedghts and Standard Deviation for HhEAQ.Epoxide.
T

Conc™* H,BAQ Epoxide (%) 1.0 0.75 0.5 0.25 0.1  0.02

Mezn peak height (mm) 119.0  99.2 Th.2  38.1 16.0  %.25

Estimated o 5.9 57 1.8 0.4 1.2 -



A=

Table X.10.

Values of Peak HeightS'and‘Standard Deviation for

'Mononydroxy' H,EAQ Epoxide.

Cone™* "Monohydroxy' (%) 1.0 0.7 0.5  0.25 0.1  0.02
Mean peak height (mm) : 06.8 78.3 57.0 28.4 12,0 2.45
Estimated o 5.0 3.8 1.5 0.% 1.t o
Table X.11.
Values of Peak Helights and Standard Deviation for
'Hydrolysed H,EAQ Epoxide'.’
Cone " 'Hydrolysed' (%) 2.0 1.5 - 1.0 0.5 0.2 0,0k
Mean peak height (mm) 97.5  78.3 B56.2 27.2 1l.h 2.2
Estimated o . 5.% 3.5 0.3 0.6 2.0 e
Table X.12.
Values of Peak Heights and Standard Deviation for
"Dihydroxy' H,EAQ Epoxide.
Conc™ " 'Dihydroxy' (%) 2.0 1.5 .1.0...0.5 0.2 _0.04
Mean peak height (1) (mm) 37.8  29.0° 21.0 10.5 3.8 0.8
Estimated ¢” (1) 2.0 2,0 0.6 0.6 1.8 ——
Mean peak height (2) (mm) 53.5 40.3 30.8 15.5 5.9 1.2
Estimated & (2) ' 2.4 2.0 1.2 0.7 0.9 —_—

The results indicate a similar range of standard deviation

values to those found in section 3.1. The calibration curves shown in

figures X.5 to X.8 are satisfactory for routine analytiecal use, but

that of the 'Dihydrbxy' compound poses a particular problem. The
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solution to this would be to isolate pure samples from each peak; 50
that acecurate calibration could be carried out for each compoﬁent, but .

this was not possible in these studies.

" %.3 Analysis of a Synthetic Working Solution.

In order to test whether the calibration graphs obtained in
Section 3.1 were applicable to the analysié of components of a mixture,
a synthetic Working Solution was examined,

Two solutions, representing appropriate dilutions of a synth-
etic WOrking Solution, were madé'up, one containing BAQ, 0.4%; H#EAQ,
1%; HgEAQ, 0.5% and I{4EAQ Epoxide, 0.5%, dissolved and made up in
Sextate as sole solvent, and the other solution being a 1:1 dilution
of the first solution with Sextate. By using two dilutions it was hoped
- that the peak heights for individual components would lié_in the middle '
of the height range for one or other of the solutions, thus allowing
greater overall precision. The values obtained for composition for one'
solution could also be used as an internal check of the data from the
other,
| Only a small amount of HBEAQ was available at the time, and
this limited the maximum volume of sclution which cquld be made up.

Jeighings were made on a Stanton 'Unimatic'_single—pan balance, reading
to four places (i.e. to O.lﬁg). This scemed satisfactory at the time,
since the components torbe weighed were of the order bf 10mg, to be

made up to 2.0Cunl in Sextate, and an error of f O;lmg on this represents .
ohly 1%. Subseqﬁent results indicated that these weighings were less
accurate than had been expected (see later, this section) and it would
have begn befter, in retrospect, to have used a five—figure.balance for
.these wéighings. |

The 1:1 dilution was made using a Hamilton 100 mierolitre

syringe to transfer 50041 each of the above synthetic Working Solution

" angd of Sextate to a 2ml stoppered vial, where they were thoroughly
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mixed. It was expected that the accuracy of the dilution would be
determinable by comparison Qf the results from the diluted and the un-
diluted soluticns, since the ratios of each of the four components in
the two solutions should give the same numerical value; thus also dcting
as an internal check on the validity of individual results. |
" Replicates of each solution were injected six times, The

peak heights Were measured and standard deviation and coefficient of
variation wereevaluated. The mean peak height was then used in con-
Junction with_the éppropriate calibration curve given in section 3.1.
to estimate the amount of the component in the sample-solution. The
range of percentage composition correéponding to + one standard dev-
iation at the estimated composition was also obtained. o

Vﬁlues obtained fof peak heights, standard deviation and
qoefficient of variatién values, are Shown in Table X.l} for both
solutions. The derived values of percentage composition are shown in
Table X.14, together with the ratio of these values. The ratio of
the two sets of results gave the dilution ratio_*actﬁally achieved, as
shownf

The data in Tables X.i} and X.14 show that résults of accept-'
able accuraecy and precision were obtained for the fouf compeonents, when
the previously mentioned weighing errors are taken into account. The
ratio of the two.sets of results shows that-éwgglggigﬁ of about 1.07
(meaﬁ) to 1 was achieved. The cohcehfrations éhoﬂn in the analysis
results were of the same'order, within expected levels of error, as
those aimed for in making the solutibns. It is éonsidered that they
represent thé actuél concentrétions in solution. Further wofk,.using
more accurately prepared solutions, would be advisable but sufficient

of all the necessary components was not available at the time.
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Table X.13.

Anzlysis of Synthetic Working Solution Using System B.

. Component ' _ HSEAQ H, EAQ g%ﬁi?de EAQ
~ Working Solution:
Mean peak height (mm) 70.4 151.2 30.% 140.4
o | | 0.96 1.92 odi2 2.6
- C{%) o 1.4 . 1.3 1.4 1.9

1:1 dilution:
Mean peak height (mm) 37.8 95.4 16.5  85.1
< | | 1.29  1.7%  0.45 1.88

c (%) 3.4 1.8 2.9 2.2

Table X.14.

" Quantitation of Synthetic Working Solution Analyses.

Component HSEAQ o HhEAQ H#EAQ - EAQ
(Nomlnal %) (0:50%)  (1.00%) Epoxide '(O.4Q%)

(0.50%)

Vorking Solution: '
Concentration (%i/v) 0.57  L.OM0- -~ 0.535  0.365
+ Lo (%/v)  0.008 0.030 o010 o.012

i;l Dilutions _ | | B
Concentration (%w/v) _ 0.302 0.59. 0.285 0.190

+ 1o (Ba/v) 0.011 0.013 0.008 ~ 0.005

Calculated Ratio of Dilution 1.06 1.12 1.07 1.04
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3.4 Analysis of Plant Working Solutions.

Three samples of Working Solutions from differént sources
were provided for analysis. For two.of these, (Solutions X and Y)
analysis results were available derived from the polarographic procedures -
routinely employed by Laporte. -The three samples are shown herein.as

Working Solutions X, ¥ and Z.

3.4.i "Analyses for Main Components.

The procédure adopted was to_prepafe an accurately diluted
solution of WOfking Solution and inject O.gPl aliquéts; using chrom-
' atographic-system B, The chromatégram peaks were measﬁred and percent-
age compositions of the four main.components were found as.befbre. The
peak measuréments are shown in Table X.15; percentage compositions of

the solutions are shown in Table X.16.

Peak Height Measurements for Working Soiutions X, Y and Z.

Solution Dilution HoFAQ 1, BAQ H,EAQ - - FAQ
: () rim Epoxlde (rm)
(rm)
X 5% 1.5 70.0 55 7.0
Y - - 10% | 2.5 122.0 7.0 127.0
72(i) 5% 10.0 %9.0 0.5 82.0

7(11) 10% - 18.5 9.0 1.0 142.0
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Table X.16.

Percentage Composition of Working Solutiohs X, Y and Z.

Solution HéEAQ ImﬂAQ H, EAQ EAQ

(Fw/v) (B/v) Tooniae (B/v)
x(@) 0.24 (0.40)  8.10 (7.19) 1.6 (2.0) 340 (3.30)
y(2) 0.20 (0.20) 7.9 (6.85) 1.2 (0.95) .03 (3.53)
Z(i) 1.50 - 5.60 trace 3.66

72(i1)  1.45 5.80 . 0.20 3.62

(a): Values in parentheses were supplied by Laporte, from analyses

- using polarographic techmiques.

The data shown in Table-X.l6 indicate that the two methpds
do give similar results. The ﬁrecision of the polafographic method was
not availablée, and thus a statistical test to compare the résults of
the twq methods could not be used. The results chitained are, howevér;
within acceptable limits of agfeement, except for HﬁEAQ.

The concentrations obtained for HAEAQ by HPLIC differed by
14%,‘in both.solﬁtibns,‘from tﬁoée obtained by polarography. .If the
polarographic result is taken as being'accurate, fhere are #wo possible
explanations of.the higher values obtained by HPILC; either the composi~
tion of the solutions changed between the polarographic and‘chroﬁato-

_ graphic analyses or there was an'interfering compound in both Working
Solubtions which increased the size of their H&EAQ peaks by thersame
proportional amounts in their chromalograms. -

The first of these alternatives would require the presence
in both Working Solutions of a sizeable amount of a compound other than
those examined herein, and this would have to elute in the same position
as H#EAQ. The presence or absence of Such a_compound could he ascert~
ained only by using a different chfomatography systemn.

“The second alternative, of a change in the composition of

the solutions, is much more probable, however, since a perlod of almost



-lYZ~

a year had elapsed between the polarographic and the chromatographic
analyses of the samples. Polafographic_analyses performed by laporte
have shown that the composition of Working Solution changes with time
afﬁer removal from the circulating plant solution. Iit is suggested
that the high H4EAQ results are dué'to such changes, and further, that
the increase in H#EAQ concentration is largely due to the conversion
of residual_H4EAQuinol, present in a quinhydrone cdmpléx, to H4EAley
aerial éxidation. The quinhydrone type of complex is discussed further
in Chaﬁtér XTI in cOnneétion with studies on HSEAQ, but may be inveked
here in the similar case of H#EAQ’ since bﬁth HSEAQ and HﬂEAQ should
be capable of forming the guinhydrone.

The polarographic and chromatographic methods woﬁld have to
be applied simultaneéusly on the same'bulk.sample of plant solution.if_
it were required to compare the results obtained. Comparison of results
of analyses under these conditions would be more meaningful than thé |

comparisons considered here.

3.4.2 Analyses for Degradation Products of H,EAQ Epoxide.

The system described in section 3.2 was uéed to elute diluted
samples of Working Solutions. It was found that peaks eluﬁing at posi-
tions erresponding to those of the H#EAQ Epoxide.degradation ﬁroducts
wéfe too smali tb bé‘quantitaied from'these_diluted solutions. ‘Injéct-
_ibns éf 0.5u1 aliquots éf the undiluted Working'Solutions gave larger
péaks, but the complﬁkity,of'thé'chromatogfams was such that_duantifation
was not feasible. FUrther ﬁork on these later—éluﬁing compounds and on
the chromatographic systém would be requlired to obtéin a reliable qual~-
itative and guantitative method capable of discriminating the uﬁresolved
. peaks presently obtained. The chromatograms obtained for Working Sol-
utions X; Y and Z are shown in figures X.9, X.10 and X.ll, respectively.

The rﬁnning conditions were a flow-rate of 1iml/minute of 3% iso-propanol

~in n~heptane. Only the 254nm channel record is shown, with a non-linear
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absorbance range for the first group of main components. The range was
changed‘at two points in the chromatogram to obtain higher sensitivity
for the later peaks; these changes are marked by a break in the trace
énd zn indication of the amount by which the sensitivity was increased.
The peaks corresponding to.the compounds of interest, as préviously

identified in Chapter VIII, are arrowed and are numbered as below.

‘Peak Number Compound
1 '"Monohydroxy"' HaEAQ Epoxide

2 '"Hydrolysed HyEAQ Epoxide'
3 '"Dihydroxy" HﬁEAQ Epoxide, peak 1.
l

"Dihydroxy’ HAEAQ Epoxide, peak.2.

The chromatograms may bé seen to beldiSSimilar in many f;:
‘spects. The péaks 1, 3 and 4, which arise by reduction of HAEAQ Epoxide,
are large in solution X and small in both Y and Z, whereas peak 2,
arising from hydrolysis of the epoxide, is more prominent in sample Y
and small In X and Z. These observations, together with the values for
H#EAQ Epoxide content obtained in section 3.4.1, indicate that there. )
_ are'three, alternative, processes oceurring in the_different solﬁtions.
. In solution X the reduction of a relativel& high leﬁei of.H EAQ Epoxide
resulted in the formation of significant amounts of“the hydroxylated
compounds of peaks 1, 3 and 4, Whereas.a_similar level'of_the epoxide
-in solution Y.géve rise mainly to thé hyérolyééé_;;gggae, peak 2. In
solution Z the low initial epoxidé level resulted in very little form-
ation of'any of the breakdown products. Further, itjis_suggested:that the
_-largé psak eluting afﬁer peak 1 in figure X.10 is due to further éom— |

pounds derived from or involved in the hydrolysis of HAEAQ Epoxide, or

in similar hydrolysis reactions not occurring in the other two solutions.

3.5 Possible Tmprovement to the Injection and Other Parts of the

Procedure.

The basic operations already discussed, such as welghlngs and
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Tig, ¥.9. Chromatogram of Working SolutionX .

Conditions as in text.
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Flg. X.10 Chromatogram of Working Solution Y.

Conditions as in text.
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Fig. X.ll Chromatogram of Working Solution Z.

Conditions as in text.



....]_97._

dilutions, would be easier and more accurate ﬁsing largér amounts of
standard compounds. The relatively small amounts available at this
stage df the investigations could be increased cbnsiderably for use in
routine analysesl

A significant increase in précision should follow from the
use of syringes fitted with a constant-volume-injecction deviqe, such as
- {he Cheney adapter. The syringe used in these studies did not have this
type of device, but a similar syringe with a Cheney.adapter was avail-
ahle for a short fiﬁe.‘ A sfudy of the preclsion of injeciions using
the Cheney device, oompared‘to injéctions using the same syringe but
_without ﬁsing the Cheney device, showed that replicate ihjedtions with
it ﬁere between 1% and 2 times as precise as those withoﬁt it. These
reéults aré shown in‘Table X.17, where the.volume of solution injected

was O.1lul in each of seven iInjections.

Comparative Study of Precision of Injections Using the Cheney Device,

-HéEAQ . HEAQ H,FAQ . EAQ
. Epoxide
with Cheney:
| ¢ (%) 5.7 4.5 3.6 | 3.6
ﬁithout Cheney; | | '
c (%) 11.1 6.6 6.6 | 5.8

The small injected volume: of 0.1ul gave higher values for
coefficients of variation, so magnifying the difference in precision
between the two sets of data. An advantage of this device 1s that it is

. quickly adjustable to give different injection volumesf
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4. Effect of Internal Standardisation on Precision.

The use of the internal standard here was limited to determ-
ining the increase In the precision of peak helight measurements when
_ the standard was used'as described in Chapter IX. Seclutions were made
. from a Working Solution (solution X of the preceding section) énd a
synthgtic Working Solution, both also containing knowm concentrations
of benzil, the substance chbsen as internal standard.

Benzil has a high UV abSorption (6 = 20,500 at 259nm in
methanol), is relatively stable in solution_and elutes in an appropriate
- position ﬁsing chromatographic systems A or B. The sample of benzil
used herein was part of a batch of 99.2% purity which had beén speéially

purified, by zone-refining, by BDH Ltd.

4,1 Use of Internal Standardisation with Chromatographic System A.

This study attempted to test the appiioability of the Internal
standardisation principle in the present context by deliberately in-
Jecting volumes of larger or smaller size than were normally used With.
'chromatographio system A;' Th¢ éize of these injections rangéd from
0.08 to 0.12 microlitres., A 10% dilution of Working Solution X in
Sextate, containing 0.50% benzil, was injected twelve times using diff-
erent volumes within the above raﬁge. The peak heights for.each com;

. ponent were measured and the standard'deviations and coefflecients of
variation ﬁere calculated. Each peak height was then 'normalised’ by
dividing it by the benzil peak height of the same injection énd mulﬁ—
iplying by 100G to convert it to a percentage., - The standafd deviations
and coefficients of variation of these normalised values were calculated
and were compared with the first, uncorrected, set of data as shown in

Table X.18.



..]_99_

Table X.18.

Tnternal Standard Normalisation of Varied Injection Volumes.

Pealk 1 2 HEAQ  H,EAQ  HBAQ 6 EAQ
Epoxide :
¢, uncorrected  19.6 18.0 15.1  11.5 16.2 4.9 11.6
(%)
¢, normalised 4.7 4.8 9.1 5.0 9.8 13.6 5.0

(%)

The peaks obtained for H8EAQ, HqEAQ Epoxide and peak 6 were
small, and were not improved as much as the larger peakslbecause of the
difficulty of measuring them_accurately. The‘HMEAQ Epoxide peak and
peak 6 were also partially overlapped by HﬁEAQ and BEAQ, which led to
variations-in their sizes not attributable to sample size variation.
Apart from these‘cases it may be seen that, desplte the large variation
in sample size (f 20% on 0.1 microlitre), the use of internal standard
normalisétion vas effective in incréasing the precision obﬁained.

The data. shown in Tables X.17 and X.18 show that internal
standard normalisation particularly improved the precision of the larger
and better-separated peaks, whereas careful control of the sample volume
injeéted increased the precision of all of the four ﬁéin peaks in sim-
ilar proportions. While the'results in these tablés are hot from
identical expériments,‘(i.e. one set of injectiqns Was deliberatly
varied, the other was féplicated); the conclusion must be drawn that
fhe use of the constanﬁ—volume injéctor device with ihternal standard-
isation would result in sigﬁificantly improved preeision of results

over the use of either one singly.

4,2 Use of Internal Standardisation with Chromatogréphic System B.
A study similar to that detailed in the preceding section was
carried out using two synthetic'diluted Working Soluﬁions, nanbered 1

and 2. Number 1 contained H8EAQ, 0.5% w/v; H4EAQ, 1% w/v; BAQ, 0.4% w/v; -
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H),BAQ Epoxide, 0.5% w/v, all in Se#tate solvent. Solution ﬁﬁmber‘Q,
contained half the concentrations of the first solution. Benzii was
-ad&ed to both solptiong'to make its concentration 0.75% w/v in both.
The size of injections was again varied, orer the range of 0.19 to
0.21 microlitres, and six injections were made of each solution. A
‘treatment of the results similar to that in section 4.1 gave the data
shown in Table X.19. Also included for comparison in this table are
values obtained'for solutioh 1 when six replicate 0.20 microlitre .

injections were made, without normalisation.

Tahle X.19,.

. Internal Standard Normalisation in Varied Injections Using

Chromatographic System A.

~ Solution HgEAQ H,EAQ H, FAQ EAQ

Epoxide
-1 C, uncorrected (%) 7.4 _7;0 8.2 ' 6.8
C, pormalised (%) =~ 2.6 0.9 4.5 0.7
C, replicate (%) 1.4 1.3 1.4 1.9 .
2 C, uncorrected (%) 7.2 6.1 liilf 6.2

C, normalised (%) 1.6 2.0 4.3 1.3
Comparison of the uncorrected values with the replicate

values shows that the ioss of preéision_expected froﬁ the variafion'éf_
sample size had in fact occurred, and that_by normalisation on the in-
ternal standard_the loss.of precision was largely corrected. Use of
internal standard normaii%ation in conjunction with careful sample size
conbrol would thus be expected to give even lower values for_coefficients
of variation than those showm in the.Table; It is generally acceptable
for routine analyticél procédures to give_coefficients‘of variation of
1% of less, and this level was bettered by two of the four normalised-

results despite the deliberate variation in sample voluwmes. - With the
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use of carefully-controlled sample volumes and of internal standard
techniques It is reasonable to expect coefficients of varliation cdn-

sistently of the order of 1%.

5. Conclusions.

5.1 Method of Quantitation.

The peak height method ﬁas shown to be oonsistenfly more
precise than the'electronic integrator used. Othor methods such as
planimotry and.cot—ana—woigh,.were not.examined. ”

The peak height measurement can accumulate errors from‘two
main factors. These are the fixing of the position of the baseline for
a peak, and:the peak height ﬁeasurement itself, whioh is affected by
the thickness of pen trace and by the measuring instrument used. It
is considered that, while this method gave acceptable-precisions,rit
could be improved upon by area measurement methods using more sophist-

icated eleetronic integrators which are now more readlly avallable.

5.2 Use of Externai Standordisation..
.The use of external standardo Was sho%n to:give séfiéfactory
oalibfotiOn graphs for the four components analysedlusing chromatographic
éystem B. The HHEAQ Epoxide degradation produots also gave satiofactory
calibration curyes, but the Standérdisafion of fhe 'diuhydroxy' compound

was not completely satisfactory because the original very small sample
consisted of two components, pfobably isomers. Both components gave
similar calibration curves, and it is expected that, after the isolation
of each'compound in a pure state, it should be posaible to obtain ac~
ceptable calibration curves for each.

The use of the éxternal standardisation curves in analyoes
of a synthomic"Working Solutioﬂ'gave similar pefcentage composition |

values to those expected, within the estimated limits of experimental
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error. These results, with acceptable coefficients of variation, are
regarded as repfesenting the true compositions of the solutions exaﬁ—
ined. The small deviations from expected concentration values were
attributable to errors accrued from solution preparation.

Aﬁalyses of Working Solutions gave results similar to those
obtained by polarographic techniques. The gradual changes in Scolution
composition known to. occur made close comparison of the two metheds
somewhat unrealistic. .A meaningful comparison would have to be carried
out simultaneously using the same bulk sémple solution, by both tech-

4
some 14% higher than those found by polarography, and thls is most

niques, to be valid. Concentration values for H FAQ were found to be

readily explained by.postulating thé existence of a quinhydrone compound
of HﬁEAQ and HkEAQuinol iﬁ Working Solutions.

The H#EAQ Epoxide degradation products were ideptified in
three Working Solution samples. Quantitative measurements were not
feasible because of the great congestion of unresolved peaks, making it
impossible to determine a bhaseline for heiéht measurements. Some semi-
gquantitative comparisoﬁs and conclﬁsions were made, however, based on
the proportions of hydrolysis aﬁd reduction products of HhEAQ Epoxidc

in the various Scolutions.

5.3 Increase of Precision by Internal .Standardisation.

Benzil was féund to_be é sgtisfactory internal standard, and
the pfecision'obtéined byrusing nofmalisation was signifiééntly better
than by the_ﬁncorrected peak helght measurement procedure.
| | fhe use of iﬁternal standardisation in routine analytical
situations may require more.time and care in sample preparation than
external standardisation, buf wogld lead to higher precision if opera-
tional. factors were a significant source of errors. ﬁeduction of sample

injection errors by using the Cheney device was briefly investigated.
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It was found to glve better précisions than the standard syringe, and
is recommended for use with both internal and external standardisation

procedures.
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XT APPLICATION OF HPIC IN THE INVESTIGATION OF COMPOUNDS OTHER THAN

THE MATN COMPONENTS OF WORKING SOLUTICN,

1. Possible Approaches to the Problen.

As in cher investigations of this type, there are two possible
approaches, namely the analytical and the synthetle. Using the analyt~
ical method the mixture 1s separated Into its components and eachris
identified by'techniquesrsuch as nuclear magnetic resonance spectroscoﬁy,
. mass.spectroscopy and ultra-violet and infra-red spectroscop&.' The
synthetie approach reqﬁires an understanding of what might be present
o in the mixture,aso thaf.individual compounds thought to be present might
be syntheéised. They may then be shown to be present, or absent, in the
mixture by separative techniqﬁes such as GLC, TLC and HPIC, céupled with
a coﬁfirmation of identity using chromatographically identical compounds,

It is often found that a mixture of both approaches is necess- |
ary to get'the best of eithef. An analyst‘may, for éxample, be able %o
give the syntheslst a good indication of what type or types of compound

are present by simple preliminary experimental separations, thus allowing
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a more rapld approach to be made by the exclusion of compounds unlikely
to be present.

| The chromatograms shown in Figures VII.2 and VII.4, and dis-
cussed in Chapter VII,'show clearly that Working Solution 1is far from
~being a simple mixture of a few components. Over thirty peaks,-plus
Inflexion points, may.be seen in certain of the chromatograms on Corasil
IT using 1% ethyl acetate in n-heptane, and it is known that this sol-
vent does not elute all of the applied sample (see section 2).'.The
identification of all of these compounds w&ul& thus require-éxtensive_--
studies and facilities. |

Bdth analytical and synthetic approaches were used. .These

étudies were subordinated to the main objective'of devising qualitative
and quantitative éﬁalytical methods for the main components of Workiﬁg
SOiution. .Infbrmation and experimental data were collected whenever
possible, The separation systems used and data méy thus éppear some;

what unsuitable because of this piecemeal approach.

2. Analytical Investigation of Working Solution.

2.1 Semi-Préparative Chromatography on Cofasil II;

The seﬁi-preparative chromatography described in Chaptef Vil
(section 2.3.2), and illustrated by the chromatogram shown in figure
VII.2, gave thfee fractions of tﬁe eluted components. In order to ob-
taih enough of single components to be identifiable, it was necessarj
to-propess about 200 microlitres of Working Solution by HPIC on Corasil
II. _The siée of injections used, about qul, overloaded the detector
response at 254nm, but 1% was seen from the 280nm trace that the column
did not appear'to be seriously overloaded.

The fractions obtained were all an ofange—bréwn colour, frac-
tions A and C being viscous liquids whilst B was solid. Dilutions of

each of these fractions were made and the solutions were further
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examined by HPLC. It became apparent that the initial fractioﬁs did not
have the sharply defined rangés of compounds that had beeﬁ expected.'
This was probably due to the difficulty of estiﬁating eiactly when a‘
component, which had just passed through the detector;.was actuéliy
leaving the ouflet tube from the detector. The orlginal aim, to cut
the Working Soclutiont into sharply—défined fractions and thus eliminate.
the over-loading of thé colurm by the main components in subsequent
sfudies, was achieved to some extént, but it is apparent from thé second
set of chromatograms.that both EAQ and H#EAQ oceur, - to differing exfents,
in all three main fractions. ' | | R

The‘chromatograﬁs of fractions A and B,-shown in figures
XT.1l angd XI.é, were obbtained with the 2% di-iso-pfopyl ether, 0.2%
'diglyme in n-heptane solvent and the WaterSJL-Porasil column; the chrom-
atégram of fraction C, shown in figure XI.3 W;S also cobtained using the
Waters colurn, but using 3% isopropanol in n-heptane.

The large peaks at 6.5 and 8 minutes in figures XI.1l and XT.2
were found, by injection of standard samples{ to be due to H#EAQ and
EAQ respectively. A smaller peak (arrowed) at 5.7 minutes in fig. XT.1
was due to HSEAQ. -Qf the threé peaks befwéen H4EAQ and'EAQ'in fig. ¥1.1
it is thought that the middle one was due to HAEAQ Epoxide bécause of
the similarity of its position to that of a standard sample. The sharp
peaklat 3 minutes was Que to less-volatile Aromasol components, ﬁhich
had not evaporated off from fracéion A with time. There are thus some
nine components of fraction A not firmly or even_tentdtively assigned.

Figure XI.2, showing the-chfomatogram of fraction B, shows
that muchlof the HAEAQrand EAQ in the original Working Solutioﬁ was
concentrated in this fraction. No other major peaks were present; the
baseline irregularities bhefore and afier EAQ'probably corre5poﬁd to
certain of the peaks ohserved in the chromatogram of fraction A.

Figure XI.3, a chromatogram of fraction C, was obtained at a

higher sensitivity than the first two chromatograms. The off-scale
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Fig. XI.l Chromatogram of Fraction A from Semi-Preparative Runs.

Solvent 0.2% diglyme, 2% IPE in n-heptane, at flow-rate 2ml/min.

Lover trace, 254nm, upper trace 280nm.
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Fig., XT.2 Chromatogram of Fraction B from Semi;Preparative Runs.

Solvent 0.2% diglyme, 2% IFE in n-heptane, at flow-rate 2ml/min.

254nm trace only.
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Fig. XI;B. Chromatogram of TFraction C from SemiQPfeparative Runs.

Solvent 3% iso-propanol in n-heptane, at flow-rate 1ml/min.

254nm trace only.
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complex peak at about 4 minutes contalns BAG, H " EAQ and compounds elut~
ing with them., The peak at 5.3 minutes (arrowed) and the peak at 9.5
minutes (arrowed) corrésponded to the peaks of standard‘solutioos'of
the.'mOnohydroxy' H,EAQ Epoxide degradation product and 'h&drolysed
HAEAQ Epoxide'respectively. Thefe are at least elght compounds un--
assigned in this chromatogram. It is notable that the 'di-hydroxy'
compound derived from H#EAQ Epoxlde was apparently not present (no peak
was aésigned to 1t), which indicates that the 1% ethyl acetdte solution
used in the original fractionation was not strong enocugh to elute this
and coﬁpounds of similar behaviour.

In order to estimate the amount of material not eluted by 1%
ethyl acetate a model TLC experiment was carried out. Four solvents.
containing 1%, 2%, 10% and 25% ethyl acetate in n-heptane, were used to
develope TIC plates (1dcm, Merck ’Kieselgel. F 54) which had been
spotted with %ﬂl and %ﬂl amounts of Workiug‘Solution. It was found
‘that a dark-brown base-line spot was not eluted with either 1% or 2%
ethyl acetate, and that some material was left at the paseuline even with-
10% ethyl acetate. The 25% eth&l acetate solvent was the only one to
leave an apparently clean baseline after elution. A 'tail' of unresolved
bahds was continuous on all of the plates up to the elution front al;
though there were recognisable spots for EAQ and H#EAQ as a551gned by
running reference compounds. It was concluded from this study that a
considerable numher of-componenté Would be left near the injection point
in HPIC using 1% ethyl acetate in n—heptane.l

Further semi - preparatlve chromatography of the fractions A
B and C was not attempted because of lack of tlme. In the light of
.subsequent information it seems that future preparative separations of
Working Solution components would be best eluted using an iso-propanol
gradient, probably from 0% to 10% iso—propanol in n;heptane, using the
WaterSJA-Porasil column and a large applied sample, é.g, lO—SQfd.

This type of elution would tend to give hetter resolution of -earlier and
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later peaks, and would he more rapid than the original isocratic 1%

ethyl acetate runs.

2.2 Gel-Filtration Chromatography.

Although the majority of Working Solution components, having
about the same moleculaxr size and shape, would not be resolvable by -
presently-available gel;permeation or gel-filtration chromatography
(gpC), fhere is a possibility (Chapter I, p.7) that compounds of the
dianthryljgroup might be present.  These compounds, with a molecular—
weight twice thaﬁ of the EAQ group, might be resolvable by GPC using
the smaller pore-size column packing materials,

A Waters Aséoéiates instrument, the ALC/GPC 501 with_R;I.
detector, was used with a tetrahydrofuran solvent‘to eluté Working Sol-
ution samples and thﬁs to attempt to obtain dilrect evidence of.thé
presenée of compounds with molecular-weights greater than_the EAQ group.
The avallable column was a composite of three columms, each of 4 foot
| length and 6mm internal diameter, connected end-to-end. Two columns
contained 'Styragel! of pore-size lO4 A and the third contained.'Styragél'
of 2 x lO2 ﬁ. The resolution iower limit for this composite éolumn '
was of the order of molecular-weight 1,000. A sample of Working Sol-‘
ution was diluted with THF and 2ml aliquots were injected at a TﬂF flowjr
'raterof 2.5ml/minute. 'A broad Gdussian—type peak started eluting after
50 minﬁtes, taking 15 minutes to.clear the column, The leading edge |
of this peak is shown in figure XT.4.

~  The evidence for the existence of the dianthryl type of com-
pounds from this chromatogram is not definite, as may be seen ffom the
Vfigure. The presence of the inflexion points (arrowed),.where a smboth
eurve would norﬁally be obtained for a single compound or group of
simlilar compounds, may indlcate that the dlanthryl group, or slimilar
dimeré or trimers, are present. The colums used were not, however, of

an optimum pore-size for the samples examined, as they were normally
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Figure XI.%4,

Gel Filtration Chromatogram of Working Solution.

Only leading edge of peak is shown.
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used for characterisation of higher molecular welght organic polymers.
A smaller pore-size column would be able to definitely confirm or deny -
the tentative indications, but such a column was not available within

the department. The work in this directlion was thus terminated.

%,  Synthetic Investigation of Working Solution.

3.1 The 'Anthrone' Degradation Route.

One 6f the degradation routes possible for EAQ involves the
conversion of therreduced EAQ to 2-ethyloxanthrone and thence to.2-
ethylanthrone. DBoth of these latter compounds have been demonstrated
polarographically to exist in Working Solutions wnder some plaﬁt run-

70,81

ning conditions. It is known s however, that anthrone exists in
soiution In tautomerie equilibrium with anthranol, ana that the ratio
of anthrone to anthranol is‘dependent on the solvent and on substituents
in the anthrone rings. it is thus probable that EAQ can in one reduction
cycle form 2-ethyl-9-anthrancl. A further redﬁction would lead to the
formation of én unstable dihydro-éthylanthranol which, on expésure to
air, as happens in the A.0. process, would be converted to 2-ethyl-
anthracene. This series of reactions 1s deseribed in Chapter I, fig.
I.3, except for the unstable dihydro-ethylanthrancl. This.series of
reactions is well summarised by Rodd81, who states that the hydrogena- .
tion of anthranols and subsequent formation of anthracenes 1s "a‘geh-_
efal method for reaucing anthraquinones to the corresponding anthracenés."
The probability of 2-ethylanthracene being formed thus seemed
high, and, since it would be relatively inactive when formed, ﬁhe prod-
uet would increase in concentration with time in the plant Solution.
Polarography would not readily detect 2-ethylanthracene, since 1t has
no. reducible groups, but since the-anthracenes have very high U.V,

absorbances it should bhe detectable at high sensitivity by the HPIC

U.V. detector.
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The investigation of this degradation route was made in two
vways. Flrstly, a study of 2-efhylanthrone was to be made to character-
ise 1t chromatographically and to find whether the tautomerism to the
anthranol was detectable. Secondly, a synthesis and characterisation .
.of 2—ethylanthracsne was attempted to determine whether or not ths arn-

throne route went to completion in this direction.

3.1.1 Preparation and Characterisation of 2-Ethylanthrone.

| Two methods were used in attempts to pféparé 2-ethylanthrone.
The method of Siavﬁsillo et al§2 iﬁvolvéd reduction of 2-EAQ with tin
‘and hydrochloric acid in glaclal acetic scid. The second:method was by
the reduction of 2-EAQ using alkaline dithionite, ss described by
Battegay and Hueber83. Both experimentsl procedures‘are described in
Appendix A,

Procedure A,

The sampls obtained using the tin/hydrochloric acid reductioﬁ,
sample A, had a melting~point of 60—620C; in agreement with the pub-
lished value82_of 60‘6200, and was examined by U.V., and I.R. spectros-
copy.' The UV spectrum showed tio peaks, at Rmax 262nm and 273@m, with
gmax values of 2 x 104 and 1.76 x 10}"L respectively. ‘The IR spectral
data is shown in Table XI.i in comparison with similar data for anthrone.
Relative band absorbances are included 1n parentheses

The close similarity for all of the main peaks between anthrone
and sample A is very strong evidence that sample A was in faet 2-ethyl-
anthrone. The five peaks observed for sample A andrnot for anthrone
may be accounted as due to the alkyl group'charactefistié frequsncies
(1394cm“l, CH3; ;460cm“1, QCHé- or nCHjs 2850cm_l,.-CH2-; 2920¢m"1, -csz)
or due to the substitution by the ethyl group in one aromatic ring
(8350m'1, corresponds to 2 adjacent aromatic protons, as in the 2-sub-
stituted ring). Furthermore, there was no evidence of the presence of

-1

a hydroxyl group at around 3000em™, which iIndicated that the compound
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was 2-ethylanthrone and not 2-ethylanthranol.

Table XT.1. ,

I.R. Data for 2-Ethylanthrone(a) and for Anthrone(b).
Wavenumber Wavenumber Wavenumber Wavenumber
anthrone 2-ethylanthrone anthrone ' 2-ethylanthrone
713 (10) 717 (10) ——— 1460 (6)
——— - 835 (9) : 1603 (10) 1608 (10)
928 (9) " : 937 (8) 1658 (10) . - 1650 (10)

. . T 160
1155 (6} 1150 (4) . . 2830 (2)
1174 (8) 1175 (6) 2860 (1) 2890 (3)
1302 (10) - 1311 (10) S '
1321 (10) 1320 (10) ——— 2920_(8)
1546 (4) 1348 (L) 3000 {2) 2990 (1)
. . : : . - 3010 -
——- 1304 (5)

(a) The 2-ethyl-anthrone spectrum was obtained using a film of the
solid evaporated from a c¢arhon tetfachloride solution onto a sodium -
: chloride disc.

{b) Ref. 88.

The sample was also subjected t& mass.spectrometfy, ‘the maiﬁ

' peaks of which are detailed in Table XI.2 together with values obtained
.by Hall and Oliver84 for anthrone. Metasﬁable peaks were also.found ét‘
m/e values of 193, 167.8, 155, 130, 178 and 141.5, in‘descending order

| of intensity. An interpretation of the mass spéctrum on the basis of
2-ethylanthrone is glven in figure XI.5.. This iﬁterpretatibn Waslpartly
based on the paper of Hall and QOliver witlhi regard to the ring expanéion
and acetylene loss steps. The molecular ion was at m/e 222, as would
be required for 2-ethylan£hrone.

An interesting point from this interpretation is in the



Table XI.2.

n/e
R.I. Anthrone (a)
R.I. 2-Ethylanthrone {(b)

n/e
R.I. Anthrone (a)

m/e

R.I. Anthrone (a)

.Comparison of Maés Spectrometric Data for Anthrone and 2-Ethylanthrone.
50 . 51 62 63 69.5 74 7% 76 81.5
12 9 6 15 6 8 6 5 5
2 3 2 5 1 2 3 6 1.5
83.5 87 88 89 115 139 150 151 152
—— 6 B 6 6 ‘ 9 —_—— -— _———
3 2 4 0 -3 4 2 y - 6
165 166 176 177 178 179 193 194 207
88 17 mm= mee e el 10 100 -
30 b 5 5 a1 1 5L 10 25

R.I. 2-Ethylanthrone (b)

(a) Relative Intensity taking m/e 194 = 100

(b) Relative Intensity taking m/e 222-= 100

82 82.5 83

12 14 6
2 5 2
153 163 164
- 12 10
2 5 3 0
'
208 222(M) 223
5 100 18
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Figure XI.5.

Structural Interpretation of 2-—Ethylai1throne M.S. Data.

/CH3 +e

0
Hy -
— QL |=
WA

+ .
79
\ H/H / | ‘
. |Rin i
, l_qo | W . | "H'\l' ing expansz.oz_l—i- ]
cwell
\ HAH / - HH |
. ' - \LReafrangement-
-H. . ‘ _
Q0= |QQO|~
- | |
~C,H *
-CéHg l 22
+ +',
139 - 152

* Indicates presence of supporting metastable peaks.
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formation of the 194 m/e fragment. There is a strong metastable peak at
. _ 2
m/e 167.8 which corresponds, using the relationship m¥ =j§— for the

two fragments,'to the loss by the molecular ion of a -C group. This

2H5
route would thus scem to he the main route fo the m/e 193 fragment, as
no metastable peak could be found.for the other route by loss of -CHé
from the m/é.207 fragmenﬁ. Such a metastable peak would be expected at
m/e 179.9. '

The combined spectiral evidence showed thaf this compound,
'samplé A, was 2-¢thylanthrone and not 2-ethyl—anthfanol or 2-ethyl-
anthraguinone. This qonfirmation of the.structure of sample A is of

importance in view of the HPIC results obtained herein.

Procedure B.

The reduction using alkaline dithionite gave a'produét of |
doubtful_purity. The Kofler melting-point of most of the sample B
material was 45°-47°C, with some erystals melting at 59°-65°C. Since
this preparation was carried out to give an alternative sample of 2- -
‘ethylanthrone,rlatef in the course of these studies, the relative im-
purity was tolerable, since the difficulty of purifying this low-melting

compound after this preparation is considerable,

_3.1.é Chromatographic Studies on éuEthylanthrone.
For these stgdies, unless otherwise stated, the sample usedl
was 2% sample A, in Sextate.
Wheﬁ freshly—prepafed, the 2-ethylanthrone solution gave a
. single peak, at a k' vaiue of 3.7 compared with FAQ at a k' of 3.3,
when eluted with 3% ethyl acetate from the diglyme;coated Varian SI-10
Vcolumn. The 2-«ethylanthrone peak, with an efficiency of N % 720, had
a noticeably larger tail than other components examined in this solvent
systen and was partly~resolved from EAQ (R=: 0.6).
On changing the solvent to 2% diglyme in n-heptane with the
same column the k' values changed to 1.94 and 2.29 for EAQ and 2-ethyl

-anthrene respectively, with a resgolution of about R = 0.5. The



-219-

tailing of the 2-ethylanthroné peak was evén rnore marked. When Injected
after 24 hours storagé the same soluticn gave rise to two peaks, with
k' values of 1.94 and 2.33, and with the same pronounced tailing of the
second peak. This phenomenon of the double peak was checked by inject;
ing othér well-characterised éompoﬁnds in case it was a 'ghost' peak,
and was found to be a true chromatogram. A later further injection,
of the 2~ethylénthrone'ﬁlus EAQ, gave a similar two-peak chromatogram
.with the k' 1.94'peak enlarged relative to the later peak. It appeared
from these results that the 2-ethylanthrone, when left to st;nd for
some time In solution, formed considerablé améunts of BEAQ. This was
not in accord with Siavtsillq's findingss2 that 2-ethylanthrone was
stable for several months, albeit 1In benzene soiution.

In the preparation of'sample B several chromatograms. were run
of solutions produced during the extraction and. purification stages;r
A sample of the ether.solution of the recrystallization stage gave three
peaks, one due to a trace of.2-ethylanthracene (see section 3.2) and
the other two in thé same positlons as were occupied by samples of EAQ
and 2~ethylanthrone. A s=olution from earlier in the purification gave_
- 6 peaks, of which the two corresponding to BAQ and 2-ethylanthrone had
the same peak height ratio as the later, recrystallised material. It
is possible that. the EAQ and 2—euhy¢anthrone have exactly the same be—-
haviour throughthe recrystallisation process, but thls is con51dered
uniikelj. |

The fentative‘conclusion from thts relatively small amount
of evidence is that 2-ethylanthrone reiatively quickly converts to EAQ
on standing in éuitable solvents: this conversion hight proceed‘through
2-ethylanthranol, but no direct evidence of this (i.e. a definite peak)
could be found, indirect evidence might be the excessive tailing noted‘
for the 2-ethylanthrone pgak. Alternafivelylthis effect could be the
result of tautomerism taking place during chromatography,rleading to

later elution of molecules which were injected as 2-ethylanthrone and



-220-

eluted as 2-ethylanthrancl. The results given in the Russian_paper82
indicated that 2-ethylanthrone is readily changed by tautomerism to 2-
ethylanthranol in alkaline solution, with subsequent rapid oxidation tp
EAQ. It seems that 2-ethylanthrone may be so labile that it will not
go further in the degradation roufe to 2-ethylanthracene, bhut goes to

other compounds instead.

3.2 Preparation and Chromatographic Study of 2-Ethylanthracene.

The final, stable, compound in the 2-ethylanthrone degradation
pathway is 2-ethylanthracene. A preparation ilnvolving ?he reduction of
- EAQ b& boron hydride385, generated in situ by reaction between boron tri-
fluoride and sodium borohydrids, gave an off-white solid of melting-
point 15o°-151;°c_ by Kofler hot-stage, compared with the published value
of 155°-156°C°2. On melting and allowing to cool, crystallisation
occurred as flat plates, which had a blue fluorescence under long-wave-
length UV light.

A UV spectrum of a very dilute solution (0.75 x.lO_BM) of
this material in n-hexane gave é spectrum very similaf to that of an-
thradene. Absorbanée maxima wéré cbserved at 252nm, 2535.8nm, 255;5nm,

 275nm, 340nm, 357nm and 366nm. Of these, only the‘first three peaks

4 5

were of high intensity, with £ values of 5.1 x10, 1 x 107 and 9.5 x

104 respectively.

A fluérescenée spectrum'at a coﬁcentraﬁion of ébout 5=x 10"4M
gave a speétrum similar to that of anthracene. Thé.spectrum obtained
is showﬁ in figure XI.6.

The evidence of the melting-point, UV spéctrum and flucrescence
spectrum was considered to be proof that the compouﬁd was 2-ethylanthra-
cene, and the compound was thus used in chfomatographié experiments
searching for evidence of 2—ethylanthracéhe in samples of WOrking.Sol—

ution.

The high absorbance of 2-ethylanthracene at the exact wave-~
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250 300 350 400

450 500
A nm

Figure XI.6.

Fluorescence Spectrum of 2-Ethylanthracene in n—HeXéhe.

Concentration 5 x lO-%M. emission = 400nm. exeitation = 360nm.
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length of the 254nm detector channel gave a very high sensitivity fbr
this compound, The absorbance at 280nm, being virtually negligible,
gave a good identification for 2-ethy1anthracené in chromategraphy.

Any peak strong at 254nm but not registered at 280nm ﬁould in the sample
in question be mqst likely to be due to this compound. Further, it was
expected that 2-ethylanthracene would elute betﬁeen the Aromasol and the
_ guinone peaks, since if has no strongly-adsorbing functional group.
Solutions containing 2-ethylanthracene were injected onto the
' Waters column aﬁd were eluted with 2% IPE and 0.2% diglyme in n-heptane.
Single peaks were obtained, occurring ébout midway between the’Aromasél.
and HSEAQ peak positions. The k' values obtained for mefa-xylene,
naphthalene and 2-ethylanthracene peaks are given with that of HSEAQ

in Table XT.3.

Table XT.7%.

Capacity Factor Values for Aromatic Hydrocarbons and HEBAQ.

Compound s m-xylene naphthalene 2-ethylanthracene iHéEAQ

1]

Y 0.11 - 0.29 0.41 07T
The 2-eth&lantﬁraeene peak is well-separated from adjacentr
peaks and would thus be readily observed, it present; in a Working

- Solution. .

The chfomatogram of fraction A of the Corasil seml-preparative
runs (fig. XI.l) shows no significant peak, in the positlon expected for
2-ethylanthracene., It 1s not preseﬁt in this fraction to any appreciable
extent; it may, howéver, be argued that 1% ethyl acetate may not have
eluted 2-ethylanthracene from the §rigina1 Corasil II column for somer
reason. This 1s highly improbable but not Impossible.

In order to obtain definite data on the presence of 2-ethyl-
anthracene in Working Solutions a series of injections was made of

Working Solutions obtained from different sources. No evidence of the



presence of 2—ethylanthracene‘could be found in the chromatograms of
Laporte Warrington Working Solution at anything above trace.level.
Slightly larger peaks in samplesg of Finnish and-Spanish Working Solutions
coﬁld most readily be accounted for by the different aromatic solvent
used by these plants. This solvent contains notliceable amounts of
naphthalene and traces of higher fused-ring aromatlcs which would tend

to bulld up in solution as more volatile compounds were lost by attrition. -

5.5 Alternatlve Degradation Routes for EAQ;

The gel chromatography reported In seqtion'a.e may offer a
possible degfadation route leadiﬁg to the formation of dimérisétion
products. Rodd81 cltes a number of compounds simply derived, by reduc-
ticn and oxidétion processes, from anthraquinone, anthrone or anthra-
hydroquinone; it is reasonable‘to assume that such reactions will not
be greatly affected by the ﬁresence of an alkyl side-chain in one
aromatie ring. A serles of dimerised compounds 1s possible, similér
~in some ways to the series of compounds in the 'anthrone' degradation
route.- The compound 2,2'—dietbyl—lo,lO'?dihydrodianthrone, shown in
Chapter I, {(p.7), is.of particular interest, since SiévtsilioS2 re-
ported that thié was the main product of the oxldation of E-ethylaﬁthrone-
exposed to hydrogen'peroxide, in benzene solution, at 60°C. This type
Qf oxldation condifion is, of coyrse, similar to that in the A.O.
hydfogen peroxide‘procéss, although at a lower temperature.

o An attempt was made to convert 2~ethylanthrone to this dimeric
compound, using relatively mild conditlons, following the report that
the diméf could be obtained by aerial oxidation of a soluﬁioﬁ of an
anthranol,

A small amount, (about 200mgs), of 2-ethylanthrone was dis-
solved in 1M sodium hydroxide solution,forming a yellow solution,and

residues were removed by filtration through glass wool., The yellow

solution gradually became opague on standing; the yellow epacity formed
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from the air interface downwards. It was thought that this was due to
the oxldation to EAQ in alkaline solution mentioned by Slavtsillo, and
in order to form the dimer rather than EAQ a la;ge volume of air was
drawn thrpugh the solution over a period of one hour. The resulting
cloudy solution was extracted with ether. The ether exﬁract was allowed
to evaporate very'slowly} After several days a few small needle-like
crystals formed; these'were removed from the solution and washed by a -
short immersion on the tip of a mlcro-spatula in warm ether vapour. .
The product had a melting point of 1980—199.5°C on a Kofler hot—stage,
(ef. the published value of 190°-192°c%2).

There was not, unfortunately, éufficienf of the material for
a mass specﬁrum to obtain a molecular lon welght and thus confirm the
'.identity of ‘the compound. it was not EAQ, 2-ethylanthrone or 2-ethyl-

, okénthrone, since these compounds have considerably lower melting-

points.

4 The Quinol-Quinone Relationship in H,EAQ.

The acquisition of a sample designated ’HGEAQ Quiﬁol'“from
Taporte enabled experiments to be made on the'sfability aﬁd behaviour
of the'quinol in solutlon.

Chromatography was carrlied out om a Corasil TI column with
two solvent systems, of 0.1% ter£—amyl aleohol and of 1% ethyl acetate
in n-heptane respectively. These solvents were also uséd in the studies
descrlbed in Chapter VII. The éonclusioné reached.atithat stage re-
garding the mode of actlon of tert;amyl alcohol arerrelevant ﬁo these

chromatograrhle studies and were further Investlgated.

1.1 Chromatography Using a 0.1% t-Amyl Alcohol Solvent.

In order to determine which type of chromatography was pre-

dominant in this system, Injections of solutlons of HSEAQ and of ITAQ in-
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Sextate were made. The elution crder of these pompounds should show
whether a weak reversed—phase‘1iquid-liquid chromatography (HSEAQ elut~
ing after EAQ) or liquid-solid chromatography (HSEAQ eluting before

EAQ) was the dominant mode of'chromatography. It was found that EAQ.
eluted after H8EAQ (k' values 1.39 and 0.50 respectively) and thus a
reversed-phase mode of chromatography was not occurring.‘ The efficiency

values found for these'peaks (NEA = 1,400 and N = 155)'are, how-

Q HéEAQ
ever, so much different that the HSEAQ must have been giving an unre-
solved group of peaks as noted earlier (Chaptef ViI). |

When a solution containing 'HSEAQ Quinol' was carefuliy made |
up, under a nitrogen gas cover, and Injected, 1t was found that two
main peaks eluted, at k' values.O.QB and 2.13 reépectively.A Neither of
these corresponded %o HéEAQ at k' 0.50, which would be expected to be
présent arising from oxidation of the quiﬁol.' A seriés of injections
of this solution, after éxposure to air, all gave similar chroﬁatogramé,
even after exposure to air overnight. An eguilibrium condition thus
formed rapldly on exposure to air. Figure XI.7 shows chromatograms of
the initial solution (A) and of the same solution after standing in
contact with air for 1.75 houré (B). The'main features of the chromat-
ogfam of Interest are as follows: | |

(a) A sharp-fronted band, eluting at the void volume with a

very lopg tail extending back to:-
(b) A rounded peak wiﬁh no significant tailing.
(¢) There i1s no discrete peak visible at k' 0.5 correépond;
ipg to HéEAQ. |

It may be deduced from the long, curving tail of the first
peak, and the fact that in all similar chromatogréms the tall ended at
the rounded peak, that the first and last peaks contained two cdmpounds
which were in a dynamic¢ equilibrium. Further, that the concentration
of HSEAQ (thé expected oxidation product of HQEAQ Quinol) was not at

any time large enough to yield a peak attributable to it.
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PFigure XI.7.

Elution of 'HEAQuinol' with 0.1% tert-fmyl Alcohol in n-Heptane.

Flow-rate 0.5ml/minute.

A Initial ’HBEAQuinol' solution. B Same solution after 1.75 hours.
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The results pose the following questions to be answered:

1. Why is HSEA Quinol not converted totally to HéEAQ, particularly
gince fhe process occurring between the first and second inJectlons'
appeared to be rapid?

2. Why is the product of thé aerial oxidation of H8EAQuinol
~eluted at the void volume, which position is normally océupied-by com-
.pletely non-retained compounds? and - |

3. ‘What is the nature of the apparent equilibrium between the
first and the last peaks? |

The answers may be obtained by'considering the chromatograms
as being of a quinhydrone system.

The initial sample, containing mostly H8EA Quinol, would give
a larger quinol peék than subsequent samples of the oxidised solution.
Later samples, after exposure of the solution to air,.wouid contain
both the gquinol and the quiﬁone. The quinonerwould ﬁét be in free
solution as such, but as a quinhydrone, a relatlvely stable molecular
compiex formed by hydrogen-bqnding hetween a quinol and a quinone.
The formation‘of.the stable'quinhydrone would effectively stabilise the
quinol with respect to further aerial oxidation, and the formation
would also tend to stabilise at an equi—moiar level of HgEAQ to HBEA
Quinol, since further production of the guinone vould Be effectively
stopped by £h¢ quinhydrone stabilisation. The long taii between the
first- and last-cluted peaks could be due to'a rapid dynamic equilibrium
occurring during chromatography, resulting in the chromatographing of
the quinhydrone components as separate components forlvarying periods.
of time in the colum and thus resulting in variablé retention times.

This explanation would answer questions 1 and 3 posed above.
" To answef'the second point it is necessary to reconsider the nature of
the chromatographic solvent, as in Chapter VIT.3.1. If, as earlier -
proposed, there was on the silica a layer of tert-amyl groups, the

effect of exclusion of large molecules from the surface would arise,
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since molecules above a certain size would not be able to fit in be-
tween the bulky amyl groups. It is possible that the quinhydrone
complex was above this Size, and because of éxclusion from interactions

with the surface it passed through the column with the solvent front.

4.2 Chromatography Using a 1% Ethyl Acetate Solvent.

A freshly-made solution of 'HéEAQuinol', when injected and
eluted with 1% ethyl acetate, gave a sharp peak corresponding to HéEA‘
Quinoné followed by two, flatter and wi&er, peaks at k' values of 2.06,
'3.71 and .71 respectively.‘ This chromatogram is shown as g;in figure
XT.8; chrpmatogram B is of the same solution injected after 1.5 hours
exﬁosﬁre to aerial oxidation. ’

In this system it would be expected that HSEAQuinol and the
quinhydrone would elute after HBEAQ, since.unrestricted liquid-~solid
chromatography occurs with ﬁhe chosen solvent. It might be expectled,
moreovér, that thg quinol would elute later than the gquinhydrone, since
the hydrogen-bonding ability oi the guinhydrone, and hence its abiliﬁy
to interact with the adsorbent, had been largely utilised in holding
the two components together. if we tentatively ildentify the second
eluted.peak as the quinhydrone and the final peak as H8EAQuinol it may 
be seen that, within 1.5 hours of expdsure to the atmosphere, the HgEAQ
level had rlsen three-fold and that the levels of quinol and quinhydrone
“had fallen similarly. .The presenée of three peaks, pafticularly that
attributable to HBEAQ, mey be explained by the ability of the unﬁindere@
silica surface to interact with quinhydrone and separate its components,

whereas the tert-amyl alcohol precluded this possibility.

5. Conclusions.

Although the studies described in this Chapber were carried

out principally to explore and to define further areas for study, the
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Pigure XI.8.

Elution of 'HQEAQuinol' Solution with 1% Elhyl Acetate in n-Heptane.

Flow-rate 1ml/minute.

A Initial 'HSEAQuinol' solution, - B Same solution after 1.5 hours.
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conclusions and information obiained, both on the subject compounds
and on the chromatography systems used, have significance with regard

to understanding the involved chemistry of 'Working Solution'.

5.1 Semi-Preparative Chromatography'of Working Solution.

The sehi-preparative rms on Corasil IT with 1% ethyl acetate
in n-heptane had énly limited success due to the low linear capaéity of
Corasil II, the dead-volume of detector outflow tubes and the amounts
of sample required to be injected.

For future, semi-preparative work a more optimal system would
probably use a totaliy—porous high-efficlency column, eluting samples
of, say, 10 to 50 microlitresrby gradient elution between O% and 5% or
10% iso-propanol. |

It shou;d be possible, using such é Sysfem, to obtéin milli- 
gram quantities of.many componentS aﬁd'thus be able to idéntify them

by M.S. and I.R. spectroscopy and other instrumental techniques.

5.2 Gel-Filtration Chromatography.,

The gel—fiitration mbﬁe”of chromatography ﬁould be épplicable.
to-studies of dimer products arising from EAQ degradatlon. :The pore-
sizes of the colum used hereln were.too.large for a definlite resolution
of dimer from monomer specles, but smaller pore size materials are now .
available and should furnish more-definite proof than the tentative

identification of the existence herein of dimers in Working Solution.

5.3 The 'Anthrone' Degradation Pathway;

- Although 2-ethylanthrone has been found, using polérography,
in Working Solution, there is no evidence tha£ the degradation finally
. yields 2-ethylanthracene. No 2-ethylanthracene was found in Warrington
Working Solution samples; traces of a peak of similar retention in

other Working Solubion samples were probably due to impurities in their
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aromatic hydrocarbon solvent.

Another possible route, from E-ethy1anthrone to a dimer
species has been shown here, and by Siavtsillosa, to be relatively
easlily capable of producing dimer species. This is also circumstancial
evidencé to support the tentativé identification Qf dimers in Working
Solution by gel-filtration. The.paper‘by Siavtsillo appears to be of
particular value in these. studies. | |

The characteristics of the mass spectrum of 2-ethylanthrone
and of other appropriate spectra of 2-ethylanthrone and E—eth&lanthracene'
were recorded and used for identifications.

Some evidgnce indicatedlthat 2-ethylanthrone was converﬁed'

over a period of hours to EAQ. This shouid be further investigated by

sample injections over a sulitable period.

5.4 The Quinol-Quinone Relationéhip in H.EAQ.

1t was concluded that a solution of H8EAQuinol exposed to the
air will rapidly oxidise, Within an hour, to give an equilibrium mix-
fture containing both the quinol_and the quindne, in combination as a
quinhydrone; As a.oonsequenqe'ofrthis 1£ might be possible fof HSEA
Quinol to occcur in the oxidised form Qf Working Solution in the quin-
hydrone complex. The presence of traces of hydrogen peroxlde in the
solution would, however, militate againstlﬁhis possibiliﬁy, since the
peroxide would tend to‘gradually oxidise the quinol to quinone. The
gradual changes known to occur in Working Solution on standing may be
due to this and other types of sloﬁ feactioh. The quinol form of HﬁEAQ
might also Be expected to form a quinhydrone in soiution, since.both
HAEAQ and HQEAQ have Quinone character. EAQ; on the other hand, has
the chafacter of a 1,4%-diketone rather than a quinone and thus might

less readily form the quinhydrone.



—2%p-

5.5 Chromatographic Thformation.

The tert-amyl alcchol system was shown to behavé as a liquid-
solid chroﬁatography systém for cerfain species; It.is proposed that
thls solvent forms a layer of alcphol at the active surfacé in such a
way that a steric execlusion takes plaqe of large molecules from the
surface, thus causing them to elute at the void volume.l

This effect ﬁoﬁld have to be confirmed by further studles,
but does offer a plausible explanétion for the chromatographiec behaviour

.of certaln compounds examined herein.
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XTI GENERAL DISCUSSTION AND CONCLUSIONS.

1. Construetion and Operation of the Instrument.

At the time of the commencement of these sﬁudies it was
commonly held that it Was'aiviablé prbpdsition to build H.P.L.,éhfoﬁ-‘ 
ratographic'instruméﬁts. 'Rebent‘defélopments in commercial instrﬁments
~and in pricing policies have made this_viability less cértain, but 1t
should still be possible to build an instrument.equivalent or superior
to commercial cost-equivalents, particularly igfggé-i;gour costs can
be discounted. Previous experienéé of similar iﬁstrument construction
is a great advantage in the expeditious assembly of components and
subsequent 'trouble-~shooting' of the overall system.

The construction of the two-channel ultraﬁiolet'absorﬁtioﬂ
~detector 1s, when mddifications.to the criginal specification are
made, within the cababilities and faci;ities of many small establish- |
ments. The advantages of building the detector, in preference to

buying one, are that the physical configuration of the detector head

and that the optical and electronic components may be chosen for



specific situations and types of chromatography, e.g. preparative,
automated, recyeling and so oﬁ. The apparent cost advantage is also
very significant. | | |

The performance of the instrument constructed and describéd
herein was satisfactory for the purpose of this programme of analytipal
studies, The chromatograph was somewhat less satisfactory for opera-
tions using grédient elﬁtion because of a relatively large 'dead-volume'’
of tubing, about Bml, between the gradient device and the column inlet.
This could be reduced if necessary by using smali-diameter tubing through-
out; a low dead-volumé would allow a gradient to be more accurately and
preqisely appliéd to the column. Flow—programming was, however, suc-
cessfully carried out,'and_proved useful qualitatively.

The detector performance was ﬁot as good as that claimed for
éoﬁmercially—available detectors (Chapter ITII), but was none-the-less
adequate. Non-linearity of the calibration above d.}A units was allowed
for-by calibration graphs of standard compound concentrations in quant-
itative studies. It is probable that the Absorbance range of the de-~
tector could he ianeased by small changes in the-design of the head.
and electronies, but such design'optimisaﬁion was beyond the termé of
referénce of these studies; Baseline stability.of the detector was
considerably improved by cooling the detector head with lce~water cooling '

coils.

2. Qualitative Chromatography.

Reversed-phase liquid-liquid chromatography on Zipax ODS
Permaphase was found to give éome separation of the main'components of
Working Solution at elevated temperatures; no separation was observed,_
however, when the system was operated alt room-temperature. A rever;ed—
phase mode was fhought to ocecur in chromatography using a tert-amyl
aleohol in n-heptane eluant on silica (Chapters VII and XT) but this

postulate was not confirmed on further study.
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Liguid~solid (adsorption) chromatograﬁhy was shown to be
capable of separating the main components of Working Solution, using
several chromatography systems.

Chromatography using alumina and modified alumina stationary
phases was found tc be less satisfactory than that on silica because of
the strong dependence of the surface activity of alumina on molsture-
content of the sysﬁem. ‘This molsture-sensitivity has been controlled
by other workeré by adding small concentrations of water or an alcohol
to the chromatographic solvent, but it was found, for the separations
under study, to be more expedient to change to silipa'adsorbents. |

| A range of different.particle—size silica adsorbents were
investigated. The smalier partiolesrwefe found to give considerabi&”m
higher éfficienoies than larger sizes or a pellicular édsorbent, hamely
Corasil TI. The packing procedure and Eélumn teghnology were found to
be eritical to the efTiciency values obtained; the columns mafketedrby
iﬁstrument manufacturers were found to have the highest efficiencies
becau;e of" the advanced packing techniques and column preparation em-
ployed in their preparation. A Water5f1—Porasil co}umn, for example,
ggve up'to 6,000 platés uﬁder optimum conditions, combarédrwith:values .
of 1,OOO.plates7or less for tap-fill and similar tebhniqués. |

The silica adsorbents were génerally much less éensitiVe to.
changes In moisture-content of solvents. It Wg;AfBﬁhamfhat small émounts
df modefately polar combounds such as ethyl acetate in a n-heptane
solvent were sufficient to maintain a constant level of surface aetivit&
-on all.of the sampies of the chromatographic grade silicas examined.

The surface activity was found to be considerably mddified by tert-

amyl alcohol aﬁd also by diglyme, both compounds being strong;y'édsorbéd.
onto the surface. The surface modification by diglyme was used to

obtain advantageous separations of HﬁEAQ Ipoxide from other main com-
ponents of a Working Solution. This strongly-adsorbing type of behav-

iour may be a general property of di- or tri—fuhctional-compounds, and
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it is suggested that similar advantageous reversible modification of
the silica sufface might be obtained by using other compounds, such as
di-thicethers for separation of certain sulphur Eompounds;h Control of
the degree of separation was obtained in these studies by selecting the
appropriate concentration of diglyme in the solvent; the speed of elu-
tion was controlied by addition to the eluant of a suitable concentration
of' a solvent of weaker golvent strength, which did not affect the sep-
_ arations obtained but allowed the compounds to.be eiﬁted ﬁore.quick1y.-
This prineiple, of modifying the surface activity of an adsofbent with
one component of a solvent and controlling speed of_elution with another
component, should be capable_of further extension and application.
Elution of the four main components, namely HSEAQ, H4EAQ, EAQ
~and H#EAQ Epoxide, was found to occur in order of the number of aro-
_matic rings present in the eluted compounds. H&EAQ Epoxide, haﬁing an
epoxide ring in addition to the H&EAQ structure, eluted between H&EAQ :
and EAQ. The elution order of the H#EAQ Epoxide degradation products
-has been explained elsewhere (Chapter VITI). Other compoﬁents, ﬁany
as yet unidentified, were noted_in chromatograms of Working Solutioﬁf‘
| The application of gel—filtration chromatography gave some
indicaﬁion that dimers of the EAQ-derived compounds were present in -
Working Solution.. This observation could well reward further invesﬁ—
igation, from the industrial point oflview,-since it is possible by
relativel& simplelmeans‘to conve;t some of the aﬁthraquinone—dérived
dimers back to monomers. If significantly large amouhté of suitable
dimer compounds were present in Working Solution it might bs econom-
ically feasible to devise treatments to recover and convert them back‘

to productive components such aé HﬁEAQ and EAQ.

3. Quantitative Chromatography.

The development of efficient qualitative separation systems
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allowed quantitative studies to be undertaken. The Waters -Porasil
colum, the most efflcient of those exsmined, was employed for these
studies. ;

It was found that the peak—height measurement method of quant-
itation gave significantly less variation than the integrated peak area
obtained using a relatively simple electronic integratbr; This was
largely due to the inaﬁility of the Integrator to allow for:variations
in baseliﬁe level., A more sopﬁisticated integrator would bg'expected
to be at least as precise as peak helght measurement.

An imprdvement in precision of repetitive injections was
found when using a Cheﬁey device to give feprodﬁcible injectioﬁ volumes.
This reduction of the error arising from variability.of volume injected
resulted in a halving, approximately, of the overall coefficieht of
vafiation.for theée.injections. |

The use of internal standard normalisation to increase pre-
cision was investigated and was found to substantially impfove the pre- )
_éisiﬁn of results obtained from a series éf varied volume injections;

The use of internal stahdardisgtion is thus recommended wherever feasible..

External standardisation using peak helght measurement ﬁééx |

found to be a valid analjtical method - for the main components of Working
Solution. Results obtalned from‘analyses, using”thiswmetho&, of sYn%
thetic and Working Solution éamples, were substantially in aéreement
with the values expected. The precision of results for individual
components was normally within the range 1-2%. This precision should
be significantly improvéd upon by using the Cheney device or a similar
adaptation.‘ Higher precision would also be obtained by employing in-
ternal standardisation.

| The HﬁEAQ degradation products were investigafed and‘gave
satisfactory calibration graphs for use in the external standardisation
method. When Wofking Solution samples were chromatograpﬁed, however;

these compounds were not readily quantifiable because of the lack of a
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suitable baseline, arising from the very large number of overlaﬁping
peaks present in chromatograms of Wofking Solutipns. Better resolution
of these bands, probably uéing a less concentrated solvent than the 3%
iso-propanol in n-heptane here used, might éllow external standardisation
to be applied. rIt is unlikely that‘internal standardisation could be |
applied in the case of these comﬁounds because there is no elution
position in the Qhromatbgrams which is definitely uncccupied and into

- which an internal standard material could be fitted.

4, Eluecidation of the Chemistry of Working Solution.

It was found that the 2—ethylanthrone degradation pathway
postulated earlier (Chapter I) did not go to completlon. No evidence
was found of peaks attributable to 2—ethylanthracene in three Working
Solution samples examined.

An indication of the presence of compounds of thé dimer type,
obtainable by oxidisation of E-ethylanthrone, was noted in WOrking Sol-
ution. It 1s possible that some of any 2—ethylanthrone formed In the
procesé may be converted to dimeric oompounds. ~

Evidenée was found indicating thaﬁ 2—ethylanthrone becomes -,
aerially oxidised to EAQ on standing in solution. Such ready oxidation,
to the dimer of to EAQ{ would be one explanation why né 2-ethylanthra-
cene was found; there would simpl& nét be enough of the necessary pre-
cursors for 2-ethylanthracene formation,

Further investigation of the poséﬁble presence of dimers is
recommended, particularly since this group of compaunds might be mére
readily isolated than the products of other degradation routes, by
preparative gel filtrétion, for example.

The investigation of the HgEAQuinoluQuinone relationship in
solution led to the proposal that a quinhydrone type of compound is

formed in solution. If this suggestion is correct it wﬂaﬁdI imply that
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the present cyelic process for hydrogen peroxide is working at less than
peak efficiency, becaﬁﬁﬂ the quinol form of HSEAQ, (and ?resumably of
4 FAQ) would be stablllsed to aerial oxidation by quinhydrone formation
before the gquinol was totally oxidised to the quinone. Not all of the
quinol would yield hydrogen peroxide in such a case. The extent of
quinhydrone formation In solution, the question of whether HEEAQ forms
é quinhydroné; énd the degree‘of oxidation of the quinol in peroxide
production are thus of some significance. It is suggested that, from
the degree of 'quinone character' exhibited by each quinoné, the degree
of quinhydrons formation would be HgEAQ> H)EAQYEAQ. This order is
based on the Similarity of the quinone structures to substituted benzé—
guinone, naphthéquinone, and anthraquinone respectively.

The examination of degradation pfoduéts'of HHEAQ prxide in
three samples of Working Solution allowed tentative eonclusiéns to be
" reached on the conditions giving rise to these products. If tﬁere is
a very ldw level of HAEAQ Epoxide in.solution, it is considefed ﬁnlikely '
that there Will be very significant amounts of hydrolysed or reduced
'compounds} It H#EAQ Epoxidé is present in Significant.amounts, then
either the hydrolysis or the reduction'procéss will be favoured. Iﬁ
éppears fhat bofh reactions do not oceur to great extents simultaneéusly.‘
The type of degradation product most suitable for conversion back to
Can actlve compound might therefore be found and plant running condltlons '
adjusted to convert all HﬁEAQ Epoxide to that degradation product,
prior to_reclaiming an active compound from it.

It may be seen that the éhemisfry of the mixtures termed'l
Working Solution is extremely.coﬁplex.and that reactions interlock in.'
various ways. Tt is considered that the somewhat 'rule-of-thumb' ap-
proach to the investigations of Working Solution may. be greafly helped
and.syst;matised 5y further applicdtion éf HPIC td this probiem, and

;that day~to-day running of the manufacturing plant could be more closely
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controlled by the use of routine HPILC analyses, both for the main
quincne components snd as a 'fingerprint’ technlque to ldentify sig-
nificant changes in the proportions of various peaks in gqualitative

chromatograms.



Appendix A.

Sources of Standard Samples of Components of Working Solution.

The compounds used in these studies as standard or reference

maferials derived from two sources. ILaporte Industries donated samples

of several of the compounds; 2~ethylanthrone and 2-ethylanthracene were

synthesised.

1. Donated Samples.

(a)

)

(c)

(a)

(e)

(£)

2-ethylanthraquinone:; The main raw material for the 'A.0.°!
procegs, this was a sample from bulk stock, twicelrecrySt-
allised.

Pale yellow needle crystals, melting point 10%°-104°C.

lH&EAQ: The sample used hereln was purchased from‘BASF,

Germany, and was fwice recrystallised from methanol;

Orange needle crystals, melting point 155°-159°C.

HSEAQ: Obtained by passing air through a methanol sclution
of HSEAQuinol; follpﬁéd by recrystallisation from méthaﬁol.
It is an orange crystalline soiid. |

H8EAQuinol: Obtained by hydrogenation qf EAQ at.150bC and
2,000ﬁ.s.i. over a Palladium catalyst. The pfodﬁét'is fhen
isolated and‘recrystallised from methanol in absence of air.
It is a yellogw-orange solid. |

H4EAQ Epoxide: Prepared by an eﬁothe;mic reaction between
H#EAQ and concentrated (60%) hydrogen peroxide solution in
alcoholic solutlon.  The reaction product'crystallises from
solution on cooling and may be recrystallised from methandl.
It forms small white needle cfystals.

"Monohydroxy' and 'Dihydroxy’ HﬁEAQ Epoxide: The hydrogenation

of H EAQ Epoxide at atmospheric pressure and temperature

m
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results‘in the absorpiticon of 1 mole or 2 moleslof hydrogen,
resulting in the "monohydroxy' or fdihydroxY' compounds re-
spectlively. )
Both are white erystalline sﬁlids.
(g) 'Hydrolyséd HﬁEAQ Epoxidé': This results from the acid hy-
_drolysis of H,FEAQ Egoxide.

It is a white crystalline solid.

2. Synthesised Samples.

. 82

(a) Preparation of 2-ethylanthrone after Siavtsillo et al.

A 1-litre flask was equipped with a reflux éonden;er, dropping -
fumel and electric heating mantle. In the flask were placed gran- .
| ﬁlated tin, AR, (39.0g), 2-ethylanthraquinone (33.6g) and giacial acetic
acid (240ml). |

The flask was heated to reflux, énd to it was addgd,by drop~
ping funnel, concentrated hydrochloric acid (108@15); During the
addition of this aeid the colour of the solution lightened from a very
dark grey-brown to become yellow. The solution was refluxed fdf a
~ further 30 minutes and was filtered hot through a glass sinter.

| This solutlon was added to 1 litre of distilled water, when

a yellow oil separated‘out. The whole solution was extracted with di-
ethyl ether (3 x 100ml) and the agueous layer was disbarded. ‘The ether
layer was washed with ﬁéter until‘acid-free, then was filtered and dried‘
over sodium sulphate. This solution was mixed with 60°-80° petroleun
ether in equal amounts and was‘cooled gfadually with liquid nitrogen.
The vellow solid which separated was filtered on a pre-cooled Buchner
filter. |

Crude yield = 13g. Melting point 520~56OC;7

This erude product was recrystallised from n-hexane, giving

a creamy-white solid, 'Sample A', of melting point 60°-62°.
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(b) Preparation of 2-ethylanthrone after Battegay & Hueber83 .

To a 2-litre flask were added 2-ethylanthraquinone, (7.0g),
sodium hydroxide (25g) and water (600ml). This suspension was brought
to boiling under réflux, when sodium dithionite (about 35g) was added
'in small portions through the condenser. Each addition resﬁlted in a
strong foéming and transient red colouration in solution. The solutipn
was then filtered hot and the deep-red filtrate was acldified, where-
upon it changed to yellow. It was then cooled in ice, when a brown .
Solid separated out. Thisg solid was filtered off, dried on the filter
and dissolved in diethyl ether (40ml). The solution was dried over
sodium sulphate and to 1t was added n-hexane (100ml}. It was cooled in
liquid nitrogen, giving a precipitate. The ether was decanted off and
a further.50ml.of n-hexane was added to the precipitate, allowed to
' warmruntil the precipitate redissolved and then cooled again.

~ This left a substance, under hexane, which melted at just
above room temperature. On standing some selid was obtained by partial
eﬁeporation of n;hexane, this solid having a melting point of 450—4700.
for the main bulk of it, bubt with some crystals melting at 590—650C.

This method_gave considerably more difficulty in recovering
the product than the first described procedure.

(c) Preparation of 2- ethvlanthracene after Bapat et al. 85

To a cooled solution of sodlum borohydrlde (10g), in dlglyme,
(&5ml), was added a suspension of EAQ, (5.0g), in diglyme, (25ml). This
ioe-cooled solution was stirred Slowly, in é fume-~-cupboard, while a
solution of boron trifluoride-etherate (3.55g) in diglyme (22.5ml) was
added in small portions. The soiution was then allowed to ﬁarm up to
room temperature and was then warmed {o EOOC for 1 hour with stirring.
| The solution was poured inté about 400mi distilled water,
giving a brown oil and an emulsion which fluoresced under long-wave-

length U, V. light. This was left to separéte overnight and was cxtracted
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with n-hexane (2 x 100ml), leaving a brown tarry solid.insoluble in
the solvent. The hexane phase was then washed with'water and passed
.down an alumina column. The eluate was collécted and evaporated to
dryness, foliowéd by recrystailisation from n-hexane. The whitersolid ‘
had a strong blue fluorescence andlmelting point 1500~l5400.

Yield of pure sample = 40mg. |

Yield of impufé_sample from supernatant evaporation

= 0.3g approx.

Most of the product was probably lost in the browm oil, in-

soluble in hexane.



Appendix B.

Instrument Parts and Suppliers.

1. Chromatograph Components.

The components shown in fig. III.4 are here described and

lettered as in the figure.

Component. Tetter. - Supplier.

1 litre stainless steel : ' Catering suppliers.
reservoir. A

Reciprocating pump, type B © Metering Pumps Ltd.,

HM/92/352C, rated to 2,400p.s.i. Uxbridge Road,

with PTFE gland and flameproof Ealing,

motor. _ - London.

Pressure safety switch, variable C K.D.G. Instruments Ltd.,

setting up to 3,000p.s.1i. Crawley, :

Model T3 10 MC _ _ Sussex.

Pressure gauge, O-400p.s.i. D Budenberg Gauge Co. Ltd., .

Pressure gauge, 0-4,000p.s.i. E Broadheath,

with steel Bourdon tube and 6" Manchester.

dial, designated by "PFig.11/13".

Bonnet stop valves, rated to F Hoke International ILtd.,

2,500p.s.1. . . _ Barnet, London.

Rotary ball valve, Whitey type 8 Techmatlon Ltd.,

hopo, Edgware Way,

Micro-metering wvalve, Whitey H ~ Edgware,

type 21RS2-316 _ Middlesex.

Injection device, : J _ Pye-Unicam Ltd.,

Cat. No. 538479 : , - Cambridge.

Simplifix tubing couplings, - Techmation Ltd.,

various sizes, 316 stainless : Edgware Way,

steel., Edgware, Middlesex.

2. Detector Components.

Low-pressure mercury-neon 'PEN-RAY' Shandon Southern, (agents),
lamp, made by Ultra-Violet Products Canberley,
Inc.,'California; Model 11 SC-1 : Surrey.

Fluorescent rod, 254% - 280nm, IKB Insturments ILtd.,

part no. 8390 - 02 ' Selsdon, South Croydon,

Surrey.
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Photoconductor cells,
Clairex, type CL G905 HII-T

Fluorescent phosphor, Merck,

FYPS Fogys

254nm and 230nm to 54%0nm

Walmore Electronies ILitd.,
11 Batterton Street,
London W.T.2.

Andérman & Co. ILid.,
East Molesey,
Surrey.

Cther components, such as the silica flow-cell windows and

~the metal machining bar-stock, were obtained from common laboratory or

engineering sources.
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Appendik'C.

Detector Construction Detaills.

1, Machining Diagrams,

The material of the main parts of the detector was aluminium
tube and round bar of appropriate dimensions.
End-pieces and cell-holder components were machined to fit.

the tubular body with a clearance of about .005".

2. Circuli Diagram.

The diagram shown represents Channel One; Chanhel Two 1s
identical but may have a different response. This may be corrected
for, 1if reguired, by adjusting the output with RT2 and RX.

All components except the photocells were obtained from

Radiospares Ltd..

3. Assembly.
Order of assembly is as follows:-

3.1 Assemble detector cell with quartz windows and PTFE seals

into the cutaway in the cell-holder, body.

3.2 Carefully position the photocell holder on the other side of
the cell, put in UBA bolts and nuts and tighten gradually and evénly_to
.obtain lezk-free seal, CAUTION: the quartz windows may crack if over-

tightened or tightened unevenly.

' 5.3 Slide the cell-holder assembly into the main body as far as
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it will go and it into it the two quartz phosphor rods; then it the
lamp-holder onto. the other end of the rods and slide the cell-holder
assembly, rods and lamp-holder back into the_main body to their final

positions, Tighten the two grub-screws to fix the positions.

3.4 Fit the photocell/filtef/phosphor assemblies in£o thelr ap-
propriate poéitions in the photocell holder and fit the end-cap completé
with eiectricai connector. If the cutaway in.the main body'and the
tongues on the-end—cap.are well machined the résulting interféfénee fit

should hold the parts firmly togethef.
3.5 Fit the cooling coils to the detectopr, then fit the mercury ¢ .
lamp. Ensure that no light can enter at the top or bottom of the fldﬁ—

cell assembly (use black PVC tape or rubber strip to seal it).

§.6 Connect to electronles by suitable connector cable.
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