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ABSTRACT 

Work on developing an instrumental system for total 

analysis o~iglycerides and phospholipids ~s presented. 

Initial .chromatographie analysis using reversed-phase high 

performance liquid ch~omatography on C6-bonded, 5 ~m silica 

stationary phase~nd acetonitrile-water (and dilute phosphoric 

acid with phospholipids) mobile phas~ is demonstrated. The 

IKovats index is ,shown ta allow corr~ation of structure to . ~ 

retention behavior. An ultraviolet absorbancê detector 
~ 

P'195nm) and novel post-column reaction detector (p.c.r.) 
based on saponification, periodate oxidation and,derivatizat!on 

l)' • 

using a new class of reagents 'are used for detection. The 

p.c.r. is shown to be s~nsitive to sarnples in the lower 
nanomole-per-injection range. 

" A novel transport-thermal ionic detector for organo-

phosphorus compounds and a new class of aldehyde reagents are 

introduced. The detector is' capable of detecting sorne pest

icides in the lower nanogram-per-injection range. The ~ 

aldehyde reagents, called the F~uorals, of w~ich Pluoral-P 

(4-amino-3-penten-2-one) is studied extensively, have promise 

of being useful for selective, rapid and sensitive (sub-
-
nanomoles formaldehyde) determinations. 
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RESUME 

/ 

r& t~avail )sur le développement d' un syst~me 
./ . \ 

~~strumental permettant l'analyse totale d'espèces moléculaires 

d~ triglycérides et de phospholipides est présenté. Le systË!me 

impliquait une ana.lyse initiale par, chromatographie à haute / 

performance en phase inverse sur ph~lse stationnaire de $ilice' 

5 pm sur laquelle sont fixés des hydroc.arb~res C
6 

~ et phase 

mobile d' acétonitrile/eau (et d' acide phosphorique dans le cas 

de phospholipides). L'index Kovats' fût utilisé pour corrHer 

la rétention à la structure. La réponse d'un détecteur 

d'apsorbance ultraviolet (~ 195 nm) et celle d'un détecteur 

de réaction post-colonne (r.p.c.) bas~ sur la saponification, 

1 'oxydat~on ~t la dér'vatisation des lipides fût étudiée .. 

Il a été constaté que le détecteur r.p.c. pouvait détecter des 

échantillons dans les régions de nanornoles par-injection. 

Un détecteu impliquant une nouvelle combinaison de 

qéte~~i?n par transpo~t et par ionization thermique fût aussi" 

développé pour les c 

classe de réactifs a 

détecteur,était'oapa 
, 

mposés organo-phosphore et une nouvelle 
\ 

déhydes. ,Il a été constaté que ce 

le de déte6ter des pesticides organq-

phosphorés' dans le'~ égions de nanomoles-par-injection. Le 

fluoral-P (4-amino-3 penten-2-one) qui fait partie de cette 

nouvelle classe de' r€~ifs ~aldehydes appelés fluorals, fût, 

étudié extensivernent et Hourrait s'avérer utile dans les 

déterminations fluorométriques et colorjltétriq~es sélective~ et _ 

rapides des aldéhydes. L~, fl~ral-p frll ut·ilisé pour déterminer 

la forrn'aldéhyde à un n~veau de'~ nanomoles pare injection., ' . 
'" 

'" 
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PREFACE 

t· 
Phosph61ipids and triglycerides are -both major 

-, 

lipid classes which contain a -diverse population of mo~.ecular . 'l', 

species. The analytical techniques normally utilized for 

studying occurrence of these ~olecular speci~~ ~re destructive 

in nat,ure and lose much information. Th~ procedures are 

also very tedious to execute. Clearly~ alte~native meth9ds 

are needed. 

Recent advances in the field of liquid chromatography 

~made it at least conceivable that a total lipid analysis 

system can be developed. 

By cornbining multiple detection with high efficienèy 

chrOlllatography this thesis lays the foundation ·for a total 

lipid analyzer. 

BJ,C, 1980. 
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1. INTRODUCTION 

1.1 SIGNIFICANCE OF TRIGLYCERIDES AND PHOSPHOLIPIDS 

The definition of 1ipids as a chemica1 fami1Y'can 

be based on the purely physiochemicèl property of solubi1ity 

in organic solyents. While the field i~ diverse, genera1 

references on the nomenclature (1,2), chromatography (3,4), 

and chemistry (1,5,6), have been of aid in giving it 

definition. The foundations of phospholipid resgarch have 

alsO been given sorne ~ttention (1,7). 

This work is conçerned with the deve10pment of 

.hiqh performance liquid chromatographic techniques for 
. . \ ' quant1tatlng the separate molecular species of two members 

of the lipid family, triglycerides and phospholipids. The 

triglycerides make up a major portion of the bodyJ~ adipos~ 

tissue and are constituents of the class of bio-macromolecular 

complexes, the lipoproteins (8). Phospholipids are the' 

major biological membrane constituents (9), lung surfactants 

(10) and the subject of much research interest. Both of 

these classes of compounds make up major portions of the 

biomass of any organism, are major classes of biomolecules, 

and are of at least peripheral interest to most bibchemists. 

Also, they represent very diverse classes of complex 

molecules and are interesting to study from an analytical 

" -
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c4emistry viewpoint., 

1.2 STRUCTURES OF TRIGLYCERIDES AND PHOSPHOLIPIDS 

The terms trig1yceride (TG) and.phospho1ipid (PL) 

refer to the triacy1 de~ivative of glycero1 and diacy1 
1 

- , 
derivative of phosphatidylcho1ine, respective1y .. Recornmended 

TG (Structure I) and PL (Structure II}' nomenclature has been 

\ 
'o. 

, O. . Il 

~{' OCR1 

~C 0 
Il 

CRa 

I. 
-

/' 0 

o· OëR~· 
o'(J.. { ~ 1'2"'0 0 + 

OPO~N~H3h 
OH 

JI. 

proposed (2,11,12) and is used when specifica11y need~d. 

T~e 1ipids used in this study are a11 non-stereospecifica11y 

substi'tut~d synthetic and symmetrical (Le. aIl R's equa1) 

mo1ecular species. Thus 1itt1e ambiguity shou1d exist when 

referring to them. 
f'-.. 

The term "acy1 g1yceride(s)" is'used to mean, 

cOf1ective1y, the mono-, d:i:-and triacyl derivatives of 

glycerol regard1ess of substitution position. Phosphatidy1-, 
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( 
choline (PC) is a member of the diverse'class of phosphatides 

, 
and was used as a model compound because it 18 readily 

available as a pure synthetic material. 

The terms phospholipid, phosphatide and lecithin 
< 

are used interchangeably and aIl refer to the general class 

of l,2-diacylglycero-3-p~ospho derivatives with the under-
1 

standing that PC was used as the model. In most cases 

specifie lipid molepular species are referred to by trivial 

name and a number identifying the lipid. 

1.3 HIGH PERFORMANCE LIQUID CHROMATOGRAPHY 

The spectacular advanees and acceptance of high \ 

performance liquid chromatography (h.p.l.c.) as an an,alytical 

tool in the last ten years has made a discussion of this 
1 

technique more a review rather than an introduction; The 

terminology used in this field generally follows that 

recornmended for 'the closely related gas chrom~tography by 

the American Society for Testing Materials (13). The 
, \\ 

exceptions are that k lS designated' k' and n by N. A 

review,of the terms encountered in this work lS presented 

as follows. 

Review of Terms 

It~is recalled that aIl chromatographie te~hniques 

~re based on the differential affinity of a solute for a 

3 

·1 

\ 

" 
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mobile phase versus a stationary phase. This can be expressed 

by the equilibrium partition coefficient K; 

4 

/ (1-1) 

\ 

where Cs = concentration of x in the stationary phasé, 

= conèëptration of x in the mobile phase. 
''\ .. 

~ \ 
While K can be dete~ined from extraction data and , 

app~ied to liquid-liquid chromatography, the valu~ k l
, where 

1 . 

Vs 
k' = KVm 

(1-2) 

, . 
(V and Vm are the volumes of stationary and mobile phases -s 

respectively) is' of more practical interest. The valué k f 

1 

'. 
is termed the capacity factor, capacity of the statioriary 

phase versus mobile for a given solute. 

Another way of expressing ~I· i-s , 
.. I,r "" 

k r = 
t -t / R 0 

to 
or (.1-3) 

~ 

, .tR = Retention time of solute, ~, time te elute solute 

from column. 

te = Retention time for unretained solute', or the so-called 
. , 

void volume, the time required te elute one colurnn plus 
.,J' 

1 

\. 

1 
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fittings volume of solvent. 
\ . 

VR ::: Retention volume ca~culated' from t R" v,"- v being flow rate 

of solvent. , 

v 0 = Reteption time of unretained solute or the actual void \ 

volume. 

It is important to note tfiat k' i8 a -measure of othe parti~ion-
t, 

ing of solute between sta~ionary and mobile phase relative 

to time units, or 
D :, 

kt = 0, solute spend~ aIl its time in the mobile phase. 

k' = 1, solute is equally partitioned ~nd spen~s hàlf its 

time· adsorbed to stationary ph~se and half its time 

in the mobile phase. 

, ,,~, .1 

The va~ues k' = lrto 10 represent the optimum k' 

range (k' = 4 optimized for a given solute) for a given 

mixture-. For k' > ,10 time of "elution may he toc long (14). 
, .. ,--

-~ , Another parameter of importance is R, resol~ion 

between two eluting solute bands., Since time and separation 

ability are of importance in any chromatographie ~ysteml R 

;) as weIl ~s ~ 1 must be described. R is defined as . 

.
l 

) 

-, 
'" ' .- -

(1-4) 

.. 
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whe're ti and: t 2 are retention-- times for t~o solutes (1 and 2 , 

respectively) of interest and wl and Wx their respective 

baseline band widths. 

" To'·ef~~ct:j.vely evaluate one' s chromatographic system 
/ 

(~ the col~) the number of théoretical plates N, whe~e 

N =-16(tR/WR)i~ t R again retention time for 
j' 

solute R ,and "'W
R 

" 

, .' 
its basèline band wldth, 'is of pr~otical importance. 

'" 4,,·L~il'- • 

• 1 .... ~ t .. 

equation for ,N given above-1s~a convenient method for 

7d: t
: 

Thé
r 

-estiIhatin,g the overall efficiency (resolution, tiIl\e) of a 

system • .,. 

A further quantity is 

(1-5) 

base width 

not accountecf' for) which describes the differential . 
{ 

selectivity of a given solvent-stationary phase system for 

two . solutes., 

The terms k', a and N aIl contribute to the central 

objective of chromatography, solute separation., The measure 

of separation of two bands,is'their resolution,.predicted 

by (l5) 

(1-6) 

. - . 
Efl'l:lt.IlI ... • ..... ~~ ......... _---"" ...... --_ ....... ~'-
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whieh states that greater resolution Rean be attained 

between two solute bands by inereasing N, increasing Cl (note 

Cl = 1, R = (), Cl term + l for Cl + co) and ipereasing k 1 of the 
/' 

seeond (last) band. 
, 

The N te~m represents hydrodynamic effieiency which 

can be inereased by increasing colurnn length L (a 1inear 

rela~ionship, slope unit y) or deereasing mobile phase velocity 

(from the Van Deemter equation (16» directly or ehanging the 

eolumn paeking and mobile phase viseosity. 

The selectivi ty term (a) represents different

selectivity of the mob~le or stationary phase for a given pair 

of solutes. It does not eonsider band width sinee it merely 

deseribes solvent selectivity and N is required to determine' 

true resol ution. 1 

The eapacity faet~) term r~presents the soivent 

polarity in an overail seinse sinee ehanging solvent polarltyo 
1 

usually results_in overal1 changes in k' for aIl solute 

peaks. This is in eontrast to ehanging solvent selectivity, 

where .?ne band k' is moved with respe.ct to the other band k' ." 

The net result of this is the change of Cl, a measrire of 

soivent seleetivity. 
'-

The usual steps involved in d.eveloping a chromata-

graphie separation are ta find the righ~ soivent polarity 

ta bring the solutes off the column in a reasonable amount 

of time (k' < 15), then either vary solvent selectivity 
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while l~aving po1arity constant or increasing system 

eff~cieney by increasin~ N. In this study the chromatographie 

~havior of TG and PL moleeular species rather than any 

'given separation was studied. Examples of specifie st\:!dies , 
are presented in Chapter 4. 

A final topie is the two types of chromatographie 

modes, reversed-phase and normal phase, used in this work. 

J'he normal phase mode involves a polar stationary phase 

and 1ess polar mobile ,phase. The stationary phase used 

rou1:-inely is silica or- alumiha. The term "adsorption 

chromatography" is also used to rnean the normal phase mode. 

In the reversed-phase mode the stationary phase is less 

: \ 

pQlar tnan the mobile phase. Thus typically a siliea support 

anto which is chemically bonded n-oct,deeyl or sorne other 

alkyl moiety is used as stationâ~y phase, and aqueous aleohol 

or' 'acetonitrile mixtures are used as mobile phases. Normal

phase ls eharac~erized as useful for separations of lipid 
'-~ - -

classes while the reversed-phase mode shows selectivity based 
, 

on the hydrocarbon substitution o~ a lipid class and thus 

is useful for molecular speeies separations. The reversed-
/' 

phase, mode is used extensively in this work. 

~.4 THE CHROMATOGRAPHIe SYSTEM 

A schernatic representation of the components and 

Ct 
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( 
their .~nterrelationship in h.p.l.c. are shown in Fig. 1.1. 

,'. 
1 The basi4c instrument utilized the sarne, elue,nt:');['eservoir, 

pump~ pressure gauge, in je ct or and recorder, regardless of 

the general,application or chromatographie mode used. The 

main exception to this is when using the system for 

preparative isolation: this involves scale-up of aIl 

eomponents. The column and detector are the most variable 

of components and are chosen to match the chromatographie 

mode (reversed or normal-phase for column) and' solute-mobile 

pha~e (this with respect to the deteetors compatability 

/ with both) • 

In this work the chromatographie detector is of 

9 

greatest interest because'it is normally the limiting component 

in the system. For instance, the chromatography of most 
... , '"\~ 1\ 

eèmpounds is easily accomplished but adequate detection to 

'the desired' sensitivity is usually diff~cult. Lipids are 

a prime exarnple of deteetor limitations beeause as a elass 

they lack physiochernical properties such as fluorescence 1 

absorbance or electrochemical aetivlty to allow easy 
• 

detection by eommercially available detectors. Sorne aspects 
) 

of detect'ors of interest in this work' are as follows. 

Chromatographie Detectors 

What is rneant by a detector is anything which is 

used to monitor the ,effluent of a chromatographie system. 

• 
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"Detectors have characteristics which can be described by certain 

ter-ms and the concepts they represent. Since no accepted 

ter-minology is used in the field, the' following relates only 
-, \ 

to this specifie work. General terrns used to describe 

detector performance are found in two books on deteOtors (17, 

I.E!). 

Selectivity (RD) 

Selectivity is the term used to describe the 

detector's responsiveness te different compounds. It is 

thu~ a rneasure of relative sensitivity of the detector and a 

rectilinear ~lot af detector respense to arnaunt of solute has a 

slope that\is one measure of selectivity. 

Sensitivity (C~DL) 

Like selectivity, sensitivity is a measure '~f the 
~~.~ ... I 

r 

detector 1 S responsivenes·s to different compounds. SensiEi,tvit'y 

however is further defined by the ability of the detector 

to measure low amounts of a compound, the so"'called "10wer-

detection limi t" • Thi's limi t is defined by thé detector' s 

response. (depend~nt on the detector selectivity) and 110ise 

(output that can be mistaken for signal). The detection 

limit is defined.as that ameunt of solute that gives signal-

ta-noise ratio (SNR) of \2. 

Linear-Dynamic Range 

The upper concentration rang~ iS,the upper.detection 

Hmi t and the concentration extremes between the upper and 

1 

1 , 

1 
·1 
1 
1 

i l, 
1 
1 



lower limits delineates the detector's Iinear-dynamie range. 

The upper detection limit is defined by when d~tector 

seleetivity deviates by ± 5%. Thus a rectilinear plot of 

signal to concentration aQove the upper range is non-linear. 

/ Noise 

In this work noise ts defined as detector output 

which is not due to controlled input into the system. The 

features of noise are freguency 1 amplitude 'and, purity. 

Noise is best clas~ified in the freguency-purity contexte 

a) l/f noise: noise at.ve~1 low frequency whose 
, 

amplitude varies as l/f. The alternative terms of drift and 

flicker apply, as w~,ll as pink no~se. 
, 

\ 

b ) white noi'se: noise Ehat has egual power through
• J 

out the entire frequency speetrum. This noise is also 

called background or, in discrete sampling, signal blank • 
.... 
c) interference noise: noise with relative 

spectral' puri1.l,in that its main ,power 

narrow frequency range. This noise is 

is centered within a 

often easy to -iiagnese 

because it can be corre'lated to sorne external source 

(example is 60 Hz line noise) but may be diffièult te locate 

if internaI in origin (example due to electronic component 

interactions generating unwanted harmonies). 

Noise cah be measured in a variety of manners. In 

this application baseline peàk-to-peak noise is used. The * 

• 
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amplitude of this type of noise is measured directly off 

a detector output amplitude versus time trace. Two paral1el 

lines are drawn such that they enc10sed 95% of the noise over 

a period .of at 1east 3 peak base widths. This noise is 

referred ta as 20 noise. An alternative SNR can be calcu1ated 
/j 

from the rnean signal to standard deviation of the measured 

signal. This expression is used in Chapter 4 for a special 

application because of baseline effects that were encountered 

.in the application. 

The main concern in chromatography is with 2o-noise 

in the frequency range 1ess than 1 Hz. Band elution 

normally takes from 10-100s (0.1-0.01 Hz) and thus llf and 

periodic interference at low frequency are a major concerne 

1."5 THE ANALYTICAL METHOD APPLIED HERE 

The objective of ~his work~was to develop an 

analytical' system based on chromatography and on-line 

detection for quapti tating, at the nanomole level, the 

se~arate TG and PL mo1ecular species. Because of the di versi ty 

of lipid mo1ecu1ar species and the desire to quanti tate 

them intact" high performance liquid chromatography 

was required. Also detection as molar quantities of 

material eluted from the chromatographs was desired. Th~s 

"molar sensitive" detection has the advantage 'of not requiring 

o 

t , 
, 

1 
! 
1 
\ 

" 
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detector ca,libration for i,each molecular species. The entire 

separation-d'etection system was also envisioned as having 
~ 

information gathering 'capabili ties sufficient to allow total 

characteriza tioh of the TG or PL sample,~ Thus, 'the rno,J.ecular 

species present and their molar quantities could Be deter;ned. 

With reference to the TG and PL general structures, 
\ 

it is seen tha~ R determines thè identity of the molecula:r 

species while ~~l TG' s a~d PL' s have glycerol and glycerol-3-
\ 

~ \ 
phosphate in common, 

1 

\ 
one. to detect R, \the 

, 

respectively. Thus dual detection, 

other the glycerol or phosphoglyceroi 

moiety (the molar sensitive detector) , was needed. Also, 
i; 

sinee retention behavior in the reversed-phase ehrornatograph 

contains information on'R, the h.p.l.e. of TG's and PL's 

was studied. 

The chromatography Of~ ,and PL was first examined 

in Chapter 2, to test the usefulness 0 f h. p. 1. c. and to 
1 

aid in detector, design. Following this, two detectors, 

one based on detecting the substi tuted orthophosphate of 

PL (i.e. only sensitive to PL, Chapter 3) and the other on 

dete~ting glycerol or phosphoglycerol (Chapter 4), were 

developed. A cornrnercially ava-ilable ultraviolet absorption 
• 

detector was also evaluated for i ts usefulness in deteJ;mining 

the degree of unsaturation of Rf an aid in ass~gning rnolecular 

species identity. The final work (Chapter 5) dealt with 

/. 

1 
!' 
! 
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" combining the chrornatography and detection rnethods. Since 
;' 

this work was concerned with ~a'lytic ,instrumental aev.elppment, 
r::: ... It 

app~ications were not included. 

, , 
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'2. THE REVERSED-PHASE CHROMATOGRAPHIC BEHAVIOR 

\ 
OF TRIGLYCERIDES AND PHOSPHOLIPIDS 

-

2.1 INTRODUCT ION 

The use of chromatography for the class separation of 

1ipids,usual1y,follows a separation from non-lipid material 

based on the extraction method of Fo1çh (1). After this 

method is applied, chr9matographic techniques invo1ve samp1es 

in their native or chemical1y modified forme In the former . 

case the selectivity of the chromatographie technique and 

natural physiochemical properties of the sample deterrnine 

the success of the procedure. In_, the latter case the chemica1 

nature of the lipid sample i5 more fu11y exploited to aid in 

the separation. Chemica1 treatrnent is also done toenable 

the use of a specifie method (such as the esterification of 
1 

.. ' " ,/"--' _, fatty acids prior to gas liquid chrornq.tography) or ta aid ' 
, 1 

in detection -after chromatography. 

An example of chemical treatment is in the separation 

of three closely related phosphoglycerol derivatives, the 

plasmalogens (1-al~-1'-enyl-2-acyl-), l-alkyl-2-aéyl-, and 
---------,. \ ' 

diacylphosphatides. These are only separated after acetolysis 

of the ortho-phosphate group (2) since the chromatography is 

no longer dominated by the presence of the polar co?sti tuent. 

-'. Sorne acyl migration oceurs (3,4). Acid hydrolysis on the 

',' 
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other hand enables separation of p1asmalogens (their ,vinyl 

ether portions are very acid labile) from the diacy1 

phosphatides (5). Base hydrolysis (saponification) or 

metholysis (transesterification) also enab1é separatioI). of 
-, 1 

19 

the diacyl phosphatides from the base-resistant sphingomyleins 

(6) and plasma10gens (7). 0 

Unmodified lipids can often be separated by c1é\ss 

using thin-layer ·chromatography (t.1.c.) or co1-umn chromato-

graphy. The first separations of PS from PE (8) and PC from 

Sph. (9) used bas~-modified silicic acid columns. Many 0 

variatio:t;ls on multiple deve10pment in t.l.c. using silica 

(10,11) or 2-dimensional deve10prnent (12,13,14) have also 

appeared. Mo1ecular-class separations were also greatly, 
" . 

dependent on either t.l.c. or column argentation chromatography 

(15,16,17,18). 

The role of ~t.l.c. as a separation and quantitation , 
tool cannot be. over emphasized. No other technique 'has the 

f1exibili ty of containing for. easy inspection the eIitire 

capé!lcity of the systêm (k' of zero to infini ty). A1so, the 
~J'1,y.- .. 

options of reversed- and normal-phase , multiple dèvelopment, 
\ 

etc. and the. wide choue of\genera1 or specifie post-
l 

separation chromopho~e develbping agents make this technique 
'\ , 

very useful. ' 

The introduction in he mid-19S0's of commercial gas 
\ 
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chromatographs allowed rapid quantit~tion of the acyl po~tions 
\ 

of phospholipids and glycerides. Rece~t colurnn developments ,-
have en'abled determinations of unde~ivatized fatty acids 

- Cf." ;-

and even moderately"high molecular,:weight glyceriges (19). 

The use of gas chromatography for fatty acid analys-is is not 

likely to be superseded in the near future sinee the field is 

stiLl under active development (20,21). 

Because the general trend in analysis is towards 

more automated and sensitive techniques, since 1970, high 

performance liquid chromatography (h.p.l.c.) has developed 

at a spectaeular râte. This technique is weIl suited for 

lipid analysis, being ~s,~ful for highly polar and non-volatile 

compounds. Instrument advanees have m~d~ moleeular species 

separations possible with short~analysis times. This type 
, .of. 

of advance can be illustrated by example. In 1956 Rhodes 
l " 

and Lea (22) showed that "enrichment" __ 9f the more unsaturated 

phosphatidylcholine of" rat liver occurred in the column 

chiomatog»aphio band on silaca. This behavior was opposite 

~ to what was expected since unsa,turation tends to increase 

retention. What was found was that unsaturation was accompanied 

by an increase in acyl methylene group number that more than 

compensated for the unsaturation effects. Recent work in 

triglyceride analysis has led te) the ability to totally 

seParate, in the normal phase mode, "glycerides according to 

chain length or degree of sat'ilration (23). This typé- of â ./ 
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separatipn was normal1y only accomplished in the reyer.sed",,: __ 
-" -

phase mode, with band enrichment seen in the no~al-phase 

mode only under the unusua1 

and Lea. 

-1 

circumstances ~ound by Rhodes 
-~,..~ j ., 

f ~ 
, ! 

l t 

The difference betwe.en the classical 'column method 
L # 

of Rhodes and Lea and the newer methods of h.p.l. c. is in 

eol~ teehnology. With greater chromatographie effieieney 

the need for chromatographie diversity is diminished. Whi1e 

h.p.1.e. is not 1ikely to be a total lipid ana1ysis system, 

it is a step .in that direction. A recent review on routine 

. 21 

techniques used in lipid researeh laboratories (24) will have 

to be' revised in the near ~~ture to accommodate these 

a,dvances in col~~,téch.nology ~' 
, ;b 

". 
2.1.1 Moder; Aspeé~s of Lipid Separations 

.f'( 
-.... ~_. 

J ...... 
The h.p.l.e,. of trig1yeerides and phospholipids . . -

- 1.' ~ , 
ean be grouped as ~lther coneerned with moleeular species 

or c~ass separations. Molecu1ar speeies are usually 

separated using the reversed-phase mode while elass separations 
~'- , 

are done using the more f~i1iar normal-phase mode, ~Qirect 

extrapolation from adsorption ehromatography used sinee the 
\ 

1930's. 

Two very eom~~ehen~ive reviews (25,26) on 1ipid 

ana1~is using h.p.l.c. have reeent1y appeared. The 
. 1 

separations accomplished wfth the column technology used in 

1 . , 

'. 
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the reviewed studies were impressive sinee in most cases 

complete class separation of neutral and polar lipid was 

demonstrated. The use of Sim~lex optimization (27) has also 

been applied to PL class separations. One' application.of 

a commercial preparative instrument has been given for 

purification of egg leci thin C2 8) • 

The molecular species separation of triglycerides 

in the normal-phase mode has been mentioned (23). Most 

complete separation of TG mo,lecular species has been done 

,usi~g reversed-phase h.p.l.c. and in one case with solvent 
, 

selectivity enhaneed with silver salts (29), separations of 

cis-trans isomers were possible. 

22 

Separation of lipids must be discussed in the context 

of detection since this is a main source of instrumental 

limitation. Most recent work has utilized low wavelength 

(195-205 nm) ultraviolet'~sorption detection (30,31,32) 

in the normal-p~ase mode for phospholipid class separations. 

Low wavelength detection has also been applied to molecular 

specie~ separations in the ion-paired reversed-phase mode (30) 
/ 

and for the study of the autooxidation of linolenic acid (34,35). 

" Usually the refractive index detector (RI) is preferred in 

the reversed-phase mode (36-38) because of the limited UV 

transparency.of most solvents used for lipid analysis (notably 

chloroform) • 

Detection problems have led to sorne novel detector 

. 
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developments such as liquid ehromatography - mass spectroscopy 

(39), infrared absorption (40), and the transport-flame 

ionization detectors (25,41-44) investigated in Chapter 3. 

Pre-eolumn derivatization of PE and PS to their biphenyl 

earbonyl derivatives (45) or fatty aeids to their p-bromo-

phenaeyl esters (26) or phenylacyl esters (46) have also 

23 

bèen used for detection at 254 nm, a eommcn deteetion wavelength. 

When the lipid of'interest has ultraviolet 

absorbance such as sorbie acid triglycerides of aphids (47), 

the.detectlon problem, does not existe Only sorne of the lipids 

studied in this chapter had ultraviolet absorbanee (at 195-

210 nm) and thus both the refractive index and ultraviolet 

deteetion methods were used. ;Chromatog-raphic mobile-phase ' 

selection was purposely limited to those which were ultra-
\ 

violet transparent at low wavelengths and for reasons 

presented in Chapter 4, were low in aldehydes. 

2.2 THEORETICAL CONSIDERATIONS AND THE KOVATS INDEX 

Studies of the processes oceurr~ng in reversed-phase 

h.p.l.c. have ranged from fundamental, to semi-empirieal 

and empirical in nature. The fundamental studies have 

~ttempted _to develop methods for a'priori predictions df 

solute retention behavior based on physio-ehemical relationships. 

Notable amongst these attempts are those of Horvath and 
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cO-workers (48-51) and Riedman (52). Other approaches are 

based on the solubili ty parameter concept of Hilde:: brand 

and Scott (53,54); a useful review of this concept is 

presented by Barton (55). Recent attempts at simplifying 

the parameter approaeh for h.p.l.e. (56,57) has done little 

·:tQ actua11y aid prac~icing chromatographers. 

A more useful approach involves the alternatlve 
r 

empirica11y derived methods. These have the advantage of 

being easily related to the well established Kovats Index 

(58,59) used in gas-liquid c~romatography and further give 
-

predictive information 'without great effort on the 

chromatographer's pàrt. The Kovats retention index (SB,59) 

states that·k ' and retention index (I) are related by: 

24 

" logk ' = BI + A (2-1) 

v -v 
h k ' h th 1 . f R 0 w ere as e usua meanl.ng 0 V 

o 
\ 

B'= slope of the Kovats ,retention index parameter, 

a measure of the se1ectivity of the system. 

l = 100 n where n is the èarbon number (nwnber of 

methylene groups) in the standard series (usually 

n-alk'anes or alcoho1s, ketones, etc.). 
-

A = system eharacteristie, a measure of the capacity 

factor of the system and thus its overall polarity. 
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When . a chromatographie sy'stem has been characterized using_ 

the Kovats retention index, any other compound D can be 

indexed using Eqn. (2-1) or, with appropriate standards, by 

the equa tion 

25 

100 x logk'D - logk'n 
l = --~~~----~--~--= + 100n logk'n+x - logk'n 

(2-2) 

where n and n+~ are the standards which bracket D such that 

k' ~ k' < k' In gas chrornatography, l varies 
~ D - n+x· 

approxirnate1y 30-60 units over a 100°C ternperature range (60) 

and is thus not constant for wide ranging conditions. 
1 

When applied to h. P .1. c., Baker and Ma <.61) showed 

that the use of Kovats index can be very' usefu1 and regardless 

of the c1ass (hydrocarbon, a1cohol, ketone or carboxy1ic 

acid) B was approxirnately the sarne. Experimentally derived 

relationships were that l decreased 18 per 10% increase in . 
methanol and replacing methanol wi th aèetonitrile reduced k' 

by approximat~ly 50%. The overa11 e.ffects of increasing the 

organic content of the mobile phase was thus adecrease in 

the free energy change associated with each methy1ene group 

in the chromatographie process. This effect was, as studied 
\ 

by another g~oup, also approximately proportional to the 

amount of water in thè mobile phase (62). ". -j 

Other uses of the Kovats Index in h.p.l.c. involve 
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n-alkyl homologous series. In a study of.argentation-h.p.l.c. (29), 

work on C18 : l and C18 : 2 triglyceride isomers, in the context 

of changing l by addition to the mobile phase pf silver salts, 

showed l could be greatly changed by mobile phase variations. 

1 The role of mobile phase in RP-h.p.l.e. has been 

given sorne attention in recent years and ean be fitted into 

the frarnework of the Kovats index. A general paper (63) 

on developing a 
,d 

"Elutropic Series" for RP-h.p.l.c. showed 

that the Kovats index relationship held for n-alcohols and 

phenol on both C4 and CIS stationary phases and in this 

instance water/methanol content was varied (i. e. B was found 

to be approximately independent of mobile-phase composition). 

Using the slope B of the Kovats index as a general 

measure of selectivity of a solvent with methanol, acetonitrile, 

ethanol, dioxane, 2-propanol and tetrahydrofuran as solvents, 
\ 

and n-alkanes, n-alcohols, ethers, esters,\ amides and 

ketones as solutes, Hoffman and Liao (64) showed that 

acetonitrile gave the greatest B and thus was the best solvent 

for isocratic elution work. A trend in the mode of separation 

from reversed- te normal-phase was noted as the solvent 

series went frem me'thanol through éthanol to 2-propanol. 

Mixed mode retention was seen especially for rumides and 

alcohols. In fact, using the sarne rnobil~ phases ,as in their 
-' 

reversed-phase studies, they showed that significant retention 

occurs on the silica stationary phase for the two classes 
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of compounds. 

Since the Kovats Index is very general for homo~ogous 

series studies and especially systems having n-alkyl 

substituents, sorne work on triglyceri~es and phospholipids 

has been interpreted by a sirnilar index. A very recent work 

(38) on PC involved the use of a parameter ca~led E.C. 

(effective carbon nqrnber). The derived relationship for 

Lecithins on a Waters preprietary "Fatty Acid" column was 

.042 E.C. = log (retention volume) 

or in other words their work can be related to the present by 

noting that E.C. is 0.01 1. The value E.C. was used because 

the authors were concerned with molecular species of PC 

containing varying degrees of unsaturation. They sub~racted 

a factor of 1 E.C. (i.e. l = 100) per double bond in the 

acyl portion of the PC species ahd noted relatively close 

agreement with retention expect~d for saturated molecular 

species used as standards. 

The analysis of triglycerides (36) in acetonitrile-

acetone mobile phases on a Bondapak CI8 column has aiso been 

studied. In this case a correction for double bonds of 

1 double bond = 200 (1) was applied, or 

\ 
l = I-C Ndb corr. (2-3) 

, 1 

i 
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l = Icorrected as experirnenta11y derived. 'corr. 
., 

l = l for the parent alkane. 

Ndb = Number of double bonds in the compound of 

interest. 

C = 200 1. 

In this chapter the reversed-phase h.p.l.c. of triglyceride 

and phospholipid mo1ecular species using Kovats indexing will 

be attempted, -with particular interest placed ~n the double, 

bonds' effect on l . corr. 

It was noted that most authors use refractive index, 

the transport-FID or infrared absorption detectors in the 

reversed-phase mode for triglycerides and phospholipids. 

This is because limited sample solubility dictates the use 

of ultraviolet absorbing solvents (34,38). In the pr:ts t 

study dual de'tector of absorbance in the region 190-200 n 

and refractive ~ndex is accomplished using mobile phases 

normally avoided. , ' This was poss~ble sinee very small (nano-

molar) quantities of sample and high,column temperature 

_/ -·---~liminated most solubili~y prob1ems. Sorne limitations on 

samp1e size were noted, but the chromatographie system used 

was deve10ped primarily for use with a novel,detector 

described in Chapters 4 and 5 and the samplesize limitation 

was required. 

\ 

/ 

28 
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2.3 EXPERIMENTAL 
• 

2.3.1 Instrumentation 

The chromatographie system used in'this study is 

schematically represented in Fig. 2-1. A Waters 6000A solvent 

delivèry system (P), U6K in je ct or (1) and differential 

refractive index detector (D2) model R-40l, aIl from W~ters 

Scientific Ltd., Mississauga, Ontario, and a laboratory 

designed column (C) and Schoeffel SF770 variable wavelength 

detector (Dl) from Schoeffel Instrument Corp., Westwood, N.J. 

was used. 

The 6000A purnp unit worked on the basis of constant 

f10w ,(0.1-9.9 mL/min) deliveryof liquid against pressure 

drops up to 6000 p.s.i. Delivery rates of the pump, measured 

using a volumetrie flask (5 mL) - stop watch, were within 

± 5% of rated flow for the range 0.5-2.0 mL/min. Due, to the 

finite compressibility of liquids this flow rate was system 

dependent, compensated for by a multi-turn potentiometer 

on the pump. For any given solvent the pump was found to have 

between-run flow varience of less th an 1%. Retenti~n data -

~usually reproducible to standard deviations of less than 

1% betwèen runs. 

The injector (I) was found to be reliable once 

familiarity with its operation was gained. Injection 

reproducibility routinely had a-relative standard deviation 

.,.. -
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Schematic representation of the h.p.l.c. experimenta1 
Sea teXt for expla~ation of abbreviatio 
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Figure 2~2. (A.) Separation of ua!mc18t3' h) C1812~ 
and c) Cl8 : l triglycerides, 250 ~_ _. 
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of a.ch par injection. Methanol flow rata was 
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of the .eparation wa. run at 300C and then .tepped a. indlcated by arrow te 60OC. 
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of less than 3% and with care, less than 1% was obtained. 

The absorbance detector is described thoroughly 

in Chapter 5. It utilizes a variable wavelength 5 nm half 
, r ... _ 

width band pass source passing through two 8-~L, I.O-cm long 

flow cells .<reference and sample). Maximum sensitivi ty 

was 0.01 AU full-scale deflection (FSD) and range was up to 

2 AU FSD. 

The refractive index detector R-40l, optimized for 

high efficiency separations by using D.009-inch 1.0. inlet 

tubing, could be used from flow ranges of O.03-20'mL/mïn. 

The detector ~ontained two back-to-back 45° cells which had 

poor wash out characteristics and outlet tubing of large 
\. 

diarneter (O:t)40" I.D.). The nominal detector signal range 

was from 3 x 10~3 - 6 x 10-6 RI units full-scale deflection 

de pen ding on the attenuation used. This detector worked on 

the principle of differential refractive inde~ changes 

betwee,n the two cells and had an absolute requirement that 

, ~ .. ~ , , ,. - " ,~ ,~ 
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the reference 'cell be fi lIed with mobile phase,' Once turned on 
1 

\ 

• 

the unit:crequired at least 2 h to reach thermal!. equilibriurn • 

. '-. ____ --.--~ -~::- - The columns used varied from commer)"al to in~_l~b . t ~~ \ 
desigIfêd system's. The lab-qesigned columns ar~~~=-sc1ib~dlj 

in detail below. The commercial-columns used were j~ters 

ll-Bondapak ODS (Cla , 10 llm, Waters Sèientific), Altex 
[. 

LiChrosorb Cl8 5 llm (10 x 0.32 cm) and an Altex LiCh~osorb 

Electronics, 
f· 

St. ' Laurent, 'CIS 10 llm (25 x 0.32 cm, Aviat;.io~ Ltd., 

( 
, 
'; / , 
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The lab-designed colurnns were made of S.S. 316, 2~ 

I.D. standard 1/4"-0.D. tubes specially hbned and polished 

for this application. The column outlet frit. was a stainless 

steel (S.S.) 316, nominal pore size 0.2 ~m, 3_0, mm by 1.65 mm 
> 

disc, force fitted into an equally thick S.S. 316 collar 

6.20 mm in diameter. This assembly and th~'inlet disc were 

32 

ma;intained in place with 1/4" Swaglo~ fittinÇts modified .. , .... ---------------:--fJ---;

to hold the unit with no dead volume. Standard 'compression 

units and ferrels were used to secure connecting ~ubing to 

the column. 

The column inlet was modified to be low dead volume 

by adding a spacer disc of identical dimensions as the exit 

disé:-' No in let frit was used and the center of the 'dIse' ... 

contained a .015" diameter hole bored through. This inlet 

design decreased dead volume by allowing the column connecting 

tubing from inj~ctor to butt directly against the entrance 

dise. 

The columns were packed with bonded phase, C6 5 ~m 

silica (Sp-6, a hexyl stationary phase on 5 l-lm 

spherical silica support from Phase Separation, 255 Oser Ave., 

Hanppage, N.Y.)· using the 'equal-density method (65). This 

involved suspending the packing in a degassed 1: 3 isooctane-
. 

chloroform liq~id phase and·immediate packing into the column 

, , 
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at 12,000 p.s.i. 

The columns were therrna,stated with wc3:\er to 60 ± lOC---\ 
.' 

using a lab-designed water jacket. , In the reversed-phase mode,' 

fhere is an absolute requirement for maintaining coaumn 

temperatures isothermal. 

AlI solvents were degassed using the heiium displace-

ment technique (66). This was essential when using elevated 
\ 

~ column tempel:"-aturce~ __ to prevent degassing of the mobile phase' 

~ the column exit. -~~;~:··(l"'q."l'j.~. ha •. been re;orte~ to 
'~.............. -. ..... '--

'-'---. exteÎÎè}~-column life (67) and, when using âr-l-uQ~escence detector, 

. 
1 

~ ,,~ ~ 

- ~ ~ "--...,~~-. 

(> 

~~ ________ ~~_he eliminatl.on--Dt oxygen was of importailce in mininil:-z"in-g.--., 
-- ---- '------- .~ . ___ "_ -~~-===------ ~ 1 ~ 

quenching (Chapter 5) • ----.. 

Temperature changes in the solvent system were 
, 

observed as a baseline shift in the SF 770 detector. 'The 
.... .sir.; ._~ .. 

post-column-to-detector connector was thus thermostated using 

an 'ice bath to minimize long-term bas~line drift associated 

with heating bath cycling. 

t'''' , 

2.3.2 Materials 

Solvents used for the mobile phas~s were spectro

grade methanol (American Chemicals, Lt~., Montreal, P.Q.), 
o • 

LiChrosorb acetonitrile (British Drug Bouse, Mont~ea}, P~Q.) 

and double distilled' .(in glasst water.' The acids utilized 

were from American Chemicals, Ltd. (Montreal, P.Q.) 'while 

• 
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\ 

-~ethyl phosph~te was purchased from Eastman Kodak Co. 

(Rochester, N.Y.). 

The lipid standards were purchased from one of two 

sources. Acyl glycerides and fatty acids or their rnethyl 
, 

esters were obtained from Sigma Chemical Co. (St. \Louis, 

Missouri) whi1e the synthetic phosphatidylcholines were 

34 

purchased from Serdary Research Laboratories (London, Ontario). 

The l~id standards were certified by the manufaeturers 

~ 1. as being pure by t.l.c. (two mobile phas~~_and were found by 
.. ~ .... ..-
;:..-

h.p~l.e. to be free of any extraneous material. The exception 

to this was the samp1e of PC-dllinolenoyl wh~ch charaeter

istically contained low carbon number autooxidation pro?,ucts, 
J 

a sllbject of sorne interest in the lipid rese,arch field ~(34, 35) 

s~nce these produets are associated with r~ncidity of 6i1s . 

.. The lipid standards were dissolv~~ in chloroform

methanol t6 give standards with concentrations in Tables 

2-1 to 2-3. Amounts injeeted and chromatographie conditions . - , ~ 

varied ~d a~e-=-PI.e-serffêdi; the text. r 
-" 1 

AlI mobile phases were made up vol,ume-to-volume to 

1% of the stated value and those using polar modifie~s were 

made such that one modifier was added direetly to the prepared 

\~queous-organiC solution. The only e~ception was t~e 'case 

of triethylammonium sulfate (Eastman Kodak) where a .0%' , 
, /"" ~.J 

" 

(v/v) suspension of the amine in wa~er was acidified to pH 

2.10 ~i~ conca su1furic acid. ,This solution was used to 
-~ 
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Table(2-l[ L.,:i:st of triglycericile standards, their acy1 carbon 
, 

-r . 'numbers , trivial.$d systema tic narnes, and Kovats 

index of the saturated samples. 

N TN 

1 ,Tr~aproin 

• 2 Tricaprylin 

:~, 

C6 
Ca 
C10 
'C12 

acyl 

n-hexanoic 
n-octanoic 

> 

n-decanoic .-

l 

35 

5 Trimy;,~$.t:-in" 

" .' .... ' ''''(;' ""':T;i'~almi tin 
Cl4 
C 16 , 

n-dodecanoic 

n-tetradecanoic 
n-hexadecanoic 

1800 

2400 
3000 

3600 

4200 
4800 

5400 

6000 

6600 

.' 

. 
J. 

7 

a 
.9 

10 
Il 

12 

13 
14 

15 

'llristearin 

Tria+achidin 

Tribehenin 

Tripalmitolein 

Trilino1ein 

Trielaidin 

Triolein 

Tripetroselinin 

Trierucin 
) . 

.N = standard number. 

TN = trivial narne. 

C18 
C

20 
C22 
C16 : l 
C18 : 2 
C18 : 1 t 

Cl8 : l ~9 
C l8 : l ,~6 
C22 : 1 

/' , n-octadecanoic' 

n-eicosanoic 

n-docosanoic 

cis-9-~~ic 

ci~,cis-9,12-octadecadienoic 

trans-9-octadeoen'bic 

cis-9-octadeœnoic 

cis-6~deceooic 

cis-13-d9cosenoic 

ACN:Ob = acyl carbon nUJ1!ber: number of double bonds (Db)' t = 
trans, al1'others are cis, 13 and 14 are isorners ~9 and 

. '} 

r à6 double bond placem~nt • 

acyl =, refers to~the systematic name in 1,2,3-triacylglycerol. 

l ::: 'K6vàts retention i.ndex.'. 

. , , , 

' . . ' 

J ' , 

1 

1 

-1 
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Tab1e 2-2: /List of phosphatidy1chol~ne (PC) standards, 

their acyl carbon number, trivial. and systematic 

names, and Kovats index of the saturated samples. 

N .TN ACN:Db acyl l 

1 Dicaproyl lecithin C6 n-hexanoic 1200 

2 Dicapryloyl Il 
Cs n-octanoic 1600 

3 Dicaprinoyl CIO n-deeanoic 2000 
., 

4 Di1auroyl Cl2 n -dodecano ic 2~00 

5 "Dimyristoyl C14 n-tetradecanoic 2800 ., 
, 

6 Dipalmitoyl C16 n-hexadecanoic 3200 

7 Distearoyl C18 n-octadecanoic 3600 

8 Dio1eoyl Cl8 : l cis-9-octa~oic 

9 Dilinoleoyl C18 : 2 cis,cis-9,12~~c 

10 Dilinolenoyl C18 : 3 cis, cis ,cis-9,12 ,1.5-
octadecatrienoic 

,\ 
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" Table ·2-3: Molar concentrations of the standards (N), listed 

i~ Table 2-1, used in these studies. Samples we~e 

dissolved in chloroform-methanol. Details are 

presented in the texte 
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make up the 95% aqueous rnethanol mobile phase. 

2.4 RESULTS AND DISCUSSION 

2.4.1 Preliminary Study and the Adsorption Role 
• 

The separation of triglycerides can be accomplished 

with high efficiency as shown in Fig. 2-2a, where equal 

r 

arnounts of trilinolenin (tri-C18 : 3) , trilinolein (tri-cI8 : 2), 
. 

and triolein (tri~cI8:1) were injected into a mobile phase 
~ 

of methanol. Figure 2-2b shows the same sample injected 

und~r identical ,c~ditions except that the initial p~rtion ' 

of the separation is run at 30°C and then stepped to 60°C 

to increase both resolution an~ efficiency without 10ss of 

time. 

The plate 90unt realized for a typical 10 ~m 
o 

reversed-phase packing for tri-C18:3 was me§Sured to be as 

high as 16,000 p1ates/meter and typica1ly greater than 
~ 

6,000 plates/meter. 
1 

When using similar mobile phases for determination 

of phosphatidylch01ines, very law efficiencies were observed. 

This is illustrated in Fig. 2-3 for acet9nitrile and Methanol 

mobile phases'. The PC-C I8 : 3 is either complete1y retained 

'on the column (A) or tailed ",severely (B). 

Figure 2-4 illustrates a more dramatic exarnple of 

the problems found with PC samples. In Fig. 2-4a a mixture 

38 
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Figure 2-l. (A.) Irreversible retention of SO uqm 
PC-CI8 J usinq acetonitrile as mobile phase. Flow 
rate ' waa 1 mL/min uslnq the Altex lO-um partiele 

. slze colttmn. (B.) Same ~s ~.) but uainq methanol 
as eluent. 
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Fiqure 2-4. (A) Separation of a mixture of PC-C
18 

l(a) f 
and diolein (b). AlI other bands represent 1 r 
deqradation produets of diolein. M~bi~e phase 9St aqueoua! 
methanol-diethylphosphoric a~~d, 1 mL/min uslnq the 1 
S·um Altex column. (B) Idenêical to (A) except 
phosphoric acid ia eliminated fram the mobile phase. 1 
(C)~ Chromatogram of the fraction collected when. tu 
switchinq to 95\ aqueoua methanol-phosphoric acid, ~ 
1 mL/min. Band (a) corresponds ta PC-C

I8
:

l
_ . 

MIl •• 71%7'. "In tnllin.fi- • " _ -- tH" " ;, - ,. f" -. , 11_. fi If 4; 1*1100. "" 'P4 ml.' 'zfttlwf"ld_uü.'· -' •• 1' p r )r "'the\; if t nVPiili'? 11 31: mm.' mÜI dliise!." rmu n 'r' .... nt ri' il i :&' e. \ 
-----_._-- ------------ ----- - --------- ----



·r----~"-·- -.- -~-----
,

, 

( 

( 

40 

of the diglyceride diolein and PC dioleoyl was run using 

first 95% aqueous methanol-diethylphosphoric acid. Figure 

2-4B shows the chromatogram for the same system except that 

the diethylphosphoric acid has been eliminated from the mobile 

phase. When comparing the two chromatograms it is apparent 

that peak-for-pe~ every component ex ce pt for phosphat

idylcholine dioleoyl is present in Fig. 2-4B. 

When swi tching from the mobile phase containing 

diethylphosphoric acid to that lackin9 any mobile phase 

modifier, no baseline shift corresponding to an eluting band 

is seen. However, when changing solvent systêms in the 

reversed orq,er after injecting PC samples into the "aqueous 
o 

methanol mobile phase, an el'\lting band is observed. This 

band corresponds to the missing PC shown in Fig. 2-4B, for 

upon collection and injection into a 95% aqueous methanol-

O.l%-phosphoric acid mobile phase, the chromatogram Fig. 2-4C 

shows the corresponding PC sample (highly diluted). . . rn these 

studies diethylphosphoric acid and phosphoric acid were 

found to be interchangeable with respect to eluting off lost • 

PC bands. The ratio of k 1 for diolein to that of PC dioleoyl 

were nearly identical for ei ther orthophosphoric acid or 

diethylphosphoric acid as modifiers and were 0.39 versus 

0.35, respective ly. 

To increase the reversed-phase chromatographie 

effic~~- of PC, o'ther modifiel:'s to the aque.ous methanol 
( 
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mobile phas~ system were investigated. Their effects are 

summarized in Table 2-4. The use of nitrie aeid was not 

attempted since it has high UV absorbanee in the region (200 

nm) of interest. Ae~tic acid was not useful for increasing 

efficieney even in a concentration as high as 5 x 10-2 M. Of 

the strong mineraI aeids, phosphoric acid eonsistently 

gave· efficiencies compa:r;ab1e to the triglycerides. ,Tailing 

and general peak asyrnrnetry were eliminated. The use- of 

ion-pairing agents has been reported for phospho}ipids (33). 

The one u5éd here, triethy1arnrnoniurn sulfate (pH 2.10), gave 

results illustrated in Fig. 2-5; PC-C
18

: 2 had similar 
/ 

chromatographie effieiency to di-CIB : 2 , the diglyceride 

analog to the phosphatidylcholine. 

One mode of· action of the modifier i5 thought to be 

in masking high1y adsorptive sites of the stationary phase. 

This Ls possible due to the relatively high modifier 

concentration and suppression of ionization of the solute of 

interest. Support for this mode of action is that the actual 

41 

tailing and overall inefficiency of phospholipid chromatography 

has been observed to be a function of the course and history 

of the column as weIl as mobile phase composition. Generally, 

newer and reconditioned columns have given worse chromatographie 

efficiency. One example i5 for a Waters llBondapak C18 column, 

the adsorptive sites on the support could be 'titrated'. 

That i5, PC bands start to elute off the eolurnn only after a 

"' .... _---_. -
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Table 2-~: Summary of the mobile phase rnodifiers used :in the 

prelirninary studies on absorption ,in phosphalipid 

reversed-phase chrornatography. 

Modifier Added1 
NpC/NDG 

2 Effect 

Nitric acid Not useful due ta UV cutoff 

Acetic acid Not useful , at 5 x 10-2 
M 

Sulfuric acid 0.60 Sorne tailing observèd 

perchloric acid 0.34 Sorne tailing observed 

l\hosphoric acid 1. 65 Very useful. , no tai1ing 
-. t 

"" ... 1 aeïcf Diethy1phosphoric 1. 88 Véry useful. , no tailing 

Triethyl.ammonium sulfate 3 .1. 06 Very useful. , no tailing 

t~. 

IMobi1e phase composition 1 x 10-2 M ex ce pt for tr:iethyl.~onium 

sulfate. 

2plate caunt for PC/plate count for the anal.ogous diglyceride •. 

3See text for concentration. 
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Figure 2-5. Camparison of band shapes of 
(a) PC-C1S ' 2 Versus (bl C18 : 2 dig1yoeride 
us1ng • t-ethylammonlum sulfate (pH 
1\ v/v in 95\ methano1f. Flow rate was 
l mL/min uSing the Altex IO-um co1umn. 
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Figure 2-6 •. Retention changes of PL standard N-IO 
and ~G standard l,2-dioleylglycerol (6 J of varylng 
phoaphoric acid content of the mobile phase. 
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nUmber of injections had been made. Also, the k' ratios 

o~ PC dioleoy~ over diolein were approximately the saroe fo~ 

diethylphosphate and orthophosphate. 

As shown in Fig. 2-6, varying the phosphoric acid 

concentration of the mobile phase had opposite effects on the 

retention behavior of phospholipid and triglyceride. This 
) 

very large effect on retention behavior is not accountable 

by the reversed-phas,e mode. The ra le of ionic modifiers 

in "ion-suppre,ss'~ > chrom~tograPhY of peptides and proteins 

has been the subject of great interest in recent years (68-71). 

An undeniab1e increase in retention, however, is n?rma11y 

observed to occur as increasing acid content protonates 

acidic substituents on these compounds. The role of adsorpt,ive 

chromatography in the reversed-phase mode is thus undeniable 

with·respect ta phospholipids. The extreme po1arity of 

the orthophosphate group makes such suppression difficult 

with normal mobile phase composition and 0.1% (v/v) phosphoric 

acid w?s used consistently'to give improved separation 

and efficiency in these systems. 

Studies on the Partition Role in the Reversed,Phase 

Chroma tography 

The reversed,..phase h. p.l. c. retention behayior of 

triglycerides is given in Table 2-5 and Fig. 2-7 for various 
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Table 2-5: Triglyceride retenti on data (k 1 ) for various mobile 

phas'e compositions. 

'-"'---

k l for % CH 3CN 

N l (Db) 80 85 90 95 100 

1 1800 

2 2400 - NR -
3 '3000 3:11 
4 3600 11.20 

5 -4200 7.44 

6 4800 4.71 
1 

7 . 5400 

8 6000 - ND - P 

9 6600 P 

10 48°fc3) 17.28 6.69 1. 78 Q. 

Il 540 (6) 2?54 7.63 1. 94 0 
12 5400 (3) t 4.32 0 

13 5400 (3) 69 18.75 3.59 0.94 

14 5400 (3) 66 4.03 0 

15 6600 (3) 2.79 

N = Standard number. Samp1e volumes injected were 1-5 ~L. 

l =.Kovats index for 1-9. For 10~15 the va1ues:are uncorrected 

and the values in parentheses are the total number,of double 

bonds in the molecu1e. 

NR (or 0 for 10-15) = not retained, k l = 0 

ND (or (-) for 10-15) = nqt detected. 

P = Detector response indicates precipitation and very asymrne~ric 

band shape. The lines represent the upper and lower 

chromatographie boundaries for retention~nd detection, 

respecti vely • 
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Figure 2-7., Relationship.of-log k' to l for triglyceride 
standards from data presented in Table 2-5. Open symbols 
are for ~aturated and closed for unsaturated standards. ( * = 80., V = 85~ A '= 90, and' 0 = 95% CB3CN) 
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concentrations of acetonitrile-water mobi1e phases. The 

phospho1ipid resul ts are presented in Table 2-6 and Fig. 2-8. 

Linear-regression analysis of the data presented in Tables 

2-5 and 2-6 for the saturated lipids are summarized in 

41 

'l'able 2-7. The retention data for the unsat.urated phospholipids 
" 

and phospholipid standard 7 .. are plotted as shown in Fig. 2-8 
1 

and its 1inear regression analysis presented in Table 2-7. 
,.. 

The use of acetonitrile as the organic constituent'" 

+n, :the mobile phase was prompted by the greater selectivity 
, , 

(64),' lower aldehyde content (Chapter 4 and 5) and lower 
. 

solubility for silica (with concommitant longer column 1ife) 

than methanoi. The retention behavior of triglycerides in 

this mobile phase on the C-6 5 lJrn colurnn conforrned to the 

.Kovats retention index equation 2-1. Since the relationship 

between kt and l is Iogarithfilic, Iimited l ranges for TG 
, 

but not PC were noted for any given % CH3CN. This suggests 

that the isocratiè mode is not foo useful for triglyceri~e 

sarnples of wide l;'anging 1. The rlseful range, presented in' 

Tâb1e 2-5, is about 1200 l or 3 rnethy1.ene units per acy1 

portion of a triglycerlde. Also, acetonitrile was not use fuI 
, c 

for trig1ycerides wi th l greater than 6000, precipitate 

formation occurring for these high molecular we,i·ght lipids. 

The effect on B, the selectiv'ity factor, of 'varying 
o 

acetonitrile concentration was found to be negligible and 

no apparent trend fs seen ih Table 2-7 •. This\ suggests that 

, \ , 

. , 
: 
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G 

Phosphatidylcho1.ine retention ''data (k') for 9-0% 

N 
. 

l (Db) k' fcil90% CH3CN :- 0.1.% H3
P04 conc. 

l 1200 5.5 . 
- ' 

2 1600 7.6 , . , 
3 

j , 

2000 9.7 ~ 

/ ',-
'4 2'400 13.9 

" 

S 2800 17.5 

6 3200 27.0 

7 3600 3~. 0 ., 

:\ 3600 (2) 28.4 

3600 (4) , 20.9 / 

10 ) 3600 (6) 15.7 

'Ii 

N and l are as for Table 2-5. Sample volutné injections were 

1-5 )JL. .) 
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Table 2-7: Surnmary of linear-regression analysis of data from 

Tables 2-5 and 2- 6 (plotted in Figures 2-7 to 

~'2-9) interpreted using equation 2-1. 

" 

Triglyceride 

% CH3CN B A Linear Corr. 

BO 8.57 (±O.l2) x 10-4 -2.05 (fO .12) 0.9989 

B5 8.43 (±0.20) x 10-4 -2.27 (fO. 24) 0.9971 
\ 

90 7.47, (tO.02) x 10-4 - 2 • 26 " (fO. 0 0 ) 1. 0000 

10-4 \ 

95 8.47 (±O.37) x -3.30 (fO.60) 0.9893 

Phospholipid 
'l'f 

Coeff. 

B A Linear Corr. Coeff. 

Saturated (For Figure 2- 8) 

90 3.46 (tO.l1) x 10-~ + -1 3.12(-0.29)x10 0.9973 

Unsaturated (For Figure 2-9) 

90 3.21 (±o.OO) x 10-4 4.24 rtO.09) 0.9999 

)' 

Ii- and B are coefficients in Equation 2-l. 
Itt', 'l~ ~ 

. ,. 
" 

1 
,1 

1 
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the role of aceton;trile and water, the two conStituents of 

the mobile phase, are non-selective and further implies 

that the only rno1ecular interactions occurring are dispersion 

interactions. The eff~ct of,increasing acetonitrilé 

concentration in the reversed-phase mode is to decrease the 

strength of the mobile phase. This results in 1ess solute 

retention and less capacity (lower k') of the system. The 

polari ty role of the mobile phase can be conceptua1ly 0 

\ separated from the selectivity role as A in Eqn. 2-1. With 

tri91ycerides the expected decrease of capacity (k') with 

decrease in mobile phase polarity. (increase in % CH3CN) is 

observed. The data are not sufficiently refined to make 

further analysis other than that when the results for 90% 
-

CH3CN are neglected, linear-regression analysis qf % CH3CN (X) 
\ 

and A (y) gives y = -O.086lx + 4.925, correlation coefficient 

being 0.9859. Linear-regression ana1ysis on" CH3CN (X) and' 

1 log A (y) 1 gi ves y = -O. 8297x + 0.01414, correlation 

coefficient being 0.9917. The effects on phosphdlipid 

retention of varying % CH3C~~ are si~i1ar in trend with the 

triglyceride results. The phosphoric acid modifie} was 

added for the reasons presented in the initiaI part of this 

discussion. 

'" 
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The saturated triglyceride and phospholipid standards , , . . 
can be used·\ to.;:tlefine a Kovats index scale' for investigatin9 

the effects of unsaturation on retention. In section 2.2 
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reported unsaturation effeàts were 'that one double-bond 

approximated 1 methylene group (C = 100 I in Eqn. 2-3) for a 

fatty acid column (38) or 2 methy~ene groups (36) 'for a 

Waters C18 column. The C6 column investigated here showed 

effects similar to the Cl8 in that when C in Eqn. 2-3 was 

taken as approximately 200 I, the relationship between I r , co r. 

and log k l for phospholipids (Fig. 2-8) or triglycerides 

(Fig. 2-10) was approximately the same as for the standards. 

A more quantitative treatment is to use Eqn. 2--1 

and the linear-regression analysis data of the saturated 

standards (Table 2-7). The Kovats index is thus calculated 

for each unsaturated lipid. These values (I al ) calculated c c. 

from Tables 2-5 and 2-6, are presented in Table '2-8. The 

l 1 values, when applied to Eqn. 2-3, give values for C ca c. 

shown »n Table 2-9. The values for Icorr. average 221 ± 27.8 

for triglycerides and 165 ± 13,_ 0 for phospholipids (mean + 

52 

standard deviation). There are no apparent trend~ in the 

triglyceride or' phosphol~pid data; the only obvious relationship 

is that the effect of double bonds on triglyceride retention 

is greater than on phospholipid retention. Placement and 

orientation of double-bond (st~ndards 12-14) gave no 

significant differente in C but the effects were not system

atically studied. The role of the double bond ié seen to 

decrease I compared te the saturated standard. As implied 

by Eqn. 2-3, the effect is systematic and a log k l versus D 

\ 
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Table 2-8: Ca1culated Kovats index values (I cale.) for 

unsaturated standards. 

---_ .. -
Triglycerides % CH 3CN 

N I. (Db) 85 90 95 
1 calc 

10 4800 (3) 4158 4131 4193 

11 5400 (6 ) 4209 4239 

12 5400 (3) t 4647 

13 5400 (3) 69 4731 4626 • -. 
14 5400 (3)66 4614 

Phospho1ipids 

8 3600 (2) 3299 

\ 
9 3600 (4) 2914\\ 

10 3600 (6) ii 2555 
l-

~~ 

' ..... 

Cl 

f 

1 
1 

1 
1 

I 
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------------------:::----1 

Table 2-9: Calcu1ated correction factors (C) of equation 

(2-3) for unsaturation effects on I. 

Triglycerides 

N 85 90 

C 

223 

199 

223 

150 

171 

174 

54 
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plot for phospholipids gives the results shown in Fig. 2-9 

with linear-'regres~ion analysis in Table 2-7 .• The physicO" 

chemical mechanism responsible for the double-bond effect 
, 

on l is not known. Two' possibilities are that the mobile 

phase-solute-stationary phase interactions are changed such 

that double bonds cause the solute to have: 

1) Greater a,~~~p'~f~~obile phase and equal 
1 r Jo y'-

or less affinity for the stat~onary phase. 
t 

2) Greater or less affinity for the mobile phase' 

56 

and.stationary phase such that the partition coefficient gives 

greater affinity for the mobile phase. None of these 
J 

./ 

mechanisms can be eliminated based on the data presented here. 

The actual phenomena responsible for the double bond effects 
Q 

are an active field of research. 

The work presented here~is directed towards developing 

an empirically based method for total rnolecular species 
" 

quantitation. ~wo previously cited references have also 

diJcussed'tbis (36,38) but neither were fully successful. 

The detectors developed and characterized in the following" 

chapters add another dimension and a major step towards total 

lipia analysis. The work presented here was used ~ainly • 

to augment the inv~stigations on the detectors'but can also 
, \ 

b,e interpreted as the basis for more detailed studies. 
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(: 
3. PHOSPHORUS SENSITIVE DETECTION: MODIFICATION OF A 

TRANSPOR'l' FLAME IONIZATION TO THE 

THERMAL IONIZATION MODE 

INfRODUCTION 

, 
Since Karmen and Giuffrida (1) first a 

hydrogen ~lame dOp~d wih alkali metal vapor as ,einq 

?ensitized to phosphorus, numerous variations of this C SS ,_/ 
of gas chro~atographie" (g.c.) detector have been reported (2)-.. 

" 
The·th~mal ionic detectP~ (t.i.d.) deseribed here is of 

the rubidium silicate variety whieh is reported to qive 

relative ease of operation (3,4,5). A description of this 
" 

type of t. i. d • ( 3 ~ 4), i ts possible mechanism (5), land 

investigations of its operatinq parameters (6) have been 

described. AIso, a study of ~he composition of the essential 
'j. 

e~ement of this dete9tor, the glass bead, has been presented 

(7,8,9) • 

Julin et al. (10) developed a phosphorus- and sulfur-

sensitive detector for h.p.r.c. not r~quiring a transport 

int~rface. They utilized a special bucner and monito'red the 
. 

HPO (Salet phencimena) and. 52', emission with a filter photometer. 

The detect~r wa~ uti1ized for the assay" of' 5 '-monophosphate 

nucleotides but was 1fmited to re~rsé-phase solvent systems' 
. : .'" 

sinee emiission quench;~g, CH2 background interference, and s 
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soot, formation were all ass6ciated with nigh 'concentrations 

, of hydrocarbon solvents at such low flarne temperatures. Due 

t~ the 'transport m~chanism ~he deteetor described in this 

chapter. is compatible'with aIl solvent syste~s~ 
, 

Slais and "Krejci nI) have described a similar system 
, 

of h.p.l.c.-t.i.d. using a totally re~esigned two-stage 

hurner-detector .system1 and Balaukin et al. '(12) described' a 

detector where the wire was, transported ·through the t.'iod. 
, 

flame. "The former detector was used te detect halogen 
Q " 0 

derivatives o'f tetrahydrofu'rans bu~ both detectors required 
, .' 

total1y redesigned burner systems in order to allow the 
, 

detectors to operate as't.i.~.'s: 

The ~odification described here can be applied to 

any exis~in9 flame ionization detector (f.i.d.) of sirnilar 
, , 
configur~tion to the Pye-Uhicam, f.i.d.' and requires no 

, ~ 

permanent tn?dification of the f.i.~.' ,In fact, interconversion 
~ , 

fram the t.i.d. to f.i.d. requires o~lY ab~ut'five minutes' 

time.. AIse, hy proper adj us~ent o( tJ?e bead height~ H2-

,and aii:'-~low rates, the ~~ector sho~ld ~e .sensitive to 
( 

nitrogen- and sulfur-conta~ning co~pounds (3-6). 

METHODS AND MATERIALS , . 

The W.G. ,Pye- Liqùid~Chraomatograph. Det~etor (W\G. 
• l \~ 

_.'. 'Pyè '& Co., Ltd., Cambridge, England) used here ls schemat±callY.' 
,1 \ 

h (.~ If • t JIj~,. ur 1'(;) t,v. F t~m ~ .. , • .....--.-."' .... ---'" 
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-_-...... _ ...... 1 .. - --.~ --....- ô~ ... , .. "': 
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\ 

represented in Fig.' 3-1. - This system, the Model 1, works 
, 

on th~ principle of interfacing via a moving wire transport 

mechanism (feed spool and 'Collecting spo6l) a f. i~d. normally 
o " r-

used with gas chromatography to the h.p.1.c. ,The point of 

contact between the .chromatograph and the interface is the 

coating block where, after eJfluent ~oats the wire, volatile 

solvent is evaporated in the evaporation oven and the 

remaining non-volatile solute enters the pyrolyzer oven. 

After conversion to a detectable forro, the pyrolyzed solute 

is swept into thë detector by the nitrogen purge gas. The 

modified Pye-Unicam f.i.~. (detector in Fig. 3-1) described 

here is shown in Fig. 3-2. It consists of an electrically .. . 
insulated burner with permanent nozzle, a cylindrica~ 

collector electrode assembly maintained in position by a 

cerarnic disk and a glow plug igniter. An exit'port is lo,hated 

~next to the glow plug igniter. The addition to thè f.i .• 
_/ 

whiqh converts -it to a t.i.d. is the bead holder and' 

rubidium silicate bead, the bead holder extending from e 

glow plug body through the colle~tor electrode in such a way 

that the bead is positioned above the burner nozzle. 
, . ~ \ , . 

N~trogen or a~r-~s used to ~urge the pyrolysis 

oven of the moving-wire portion of the detector and is 

premixed with hydrogen before introductièn-to the burne~. 
:' 

Air ia introduced to the detector through a side port i the ! 

detector body. The introduced air sweeps down to the b 
1 

. " 

-1 .. 
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Model 1. CD = eoating bloèk, EO = evaporator oven; N2 = nitrogen, the purge 
gas; ,OO,PO, and CO = detector, pyrolysis and cleaner oven, respectively; 
o =.Detector; and"FS and CS = Feed and Collector spoo1, respectively. 
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ot beec! -ho1è1er, rubJ.diua ai lie. te bead (Rb-llead) and pl,aUn-' 
ua vire (Pt-vire) 1eadl~ to the Rb-Bead. Figure va. godlfled 
froll Le 'tacl1nlcal tlan\Ull (syate. 2) vith perm.don of N,G. 
Pye • CO., Ltd. \ 
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from the exterior portion.of the-collector electrode and 

then up thro~gh the center of the electrode along with exhaust 

products from the burner. 

tn modifying the f.i.d. to a t.i.d., placement of 

the rubidium silicate bead directly and repnducibly over" the , . ' 

burner .is necessary. This i5 accomplished by converting the 

existing glow plug body bf the f.i.a., which is centrally , 

located over t~e burner, ta a bead holder. Also, the bead 

holder described allows use of an externally applied c~rrent , 
to heat the bead and thus gives flexibility in generating 

the ionization background current (iB. C• ~ ,important to the 

sensitivity of this detector (3-7). 

With reference to Fig. (3-2), the nècessary 

modifications made to the glow plug are: 

1) The attachment of,a 4.3-cm long 316 stainless 

steel tube (O.47-cm 0.0.; O.2S-cm I.D.) to a glow pluS body, 

2) The placement of a 7.?-cm long ceramic rad 

(0.275 cm 0.0., Omegatite'350 two hole round thermal-couple 

insulator, TRA040l8, Omega Engineering, Inc.) ,contilining 

two parallel bores through th,is stainless steel tube and, 

3) The threaCling or an la-cm long, 0.5 nnn diameter' 

-platinum wire (risher Scientific Co., Ltd.) through the bores 

in the ceramic rod in such a way that a 3-mm loop is left at
o 

qne.end of the ceramié rbd. To this loop is attached the 

rubidium silicate bead (see below) • ..... 

, ' , ----
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With the tubing size used in constructing the bead 

holder, the holder· i5 able to fit through the collector 

electrode and i5, held in place by the glow plug body. The 

bead heig!}:t above the burner isc 
~djusted by sliding the 

ce ramie rad with respect to the stainless steel tubing 

mounted into the'glow-plug body. An Allen serew is used to 

secure the position of the rod once an optimum height of 
~ <} 
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bead above the burner i8'" attained. In this study the" rubidium 

bead is placeà 5 mm above the burner. ,This region corresponds 

to a flam~emperatur~ fone of 7'OO-800 o C (depending on flame 

con~ition~tJas measured'with'~ differential thermocouple 
/ 

(10-560-10, Fisher ScÏf!htific Co., Ltd). 
1 

One centimeter of the collector electrode is removed , 

050 that no collettor area will be below the level of the bead. 

In' this way separatiôn of f.i.d. from t.i.d. response is 

assured (13,14), 
"~a 

To electrica1ly heat the bead, two in~paralle1 0 10 

Amp maximum. Powerstats (Superior\Electrie Company) are used 

and c~nnected to,the platinum leads extending from the ceramic 

rOG abcve the giow-p~ug body.' One Powerstat is used for 

coarse and the other for fine adjustm~nt of the bead heating 

A Wilbac (model ACA1S) 0-15 Am~ AC ammeter. 
" 

is used in series with the Powerstats-and ~tabilized using 

a Sola C,onstant Voltage Transformer (Type CVH). A maximum 

1 l ' 

1 



1 

.u 

----- -----,-"----t 

68 

of 10 Amp can be applied to heat the bead. 

The final modification invo1ves the burner p01arizi~g 

voltage (-170 V) de1ivered from the pye-Unicam ionization 

amplifier. A four-po~e doub1e-throw switch is used to 
..: 

connect the po1arizing voltage and ground, so that in one 

direction the burner is at ground and 'the platinum 'lead to 

the bead is po1arized. This is n~cessary since polarization 

of the bead is the normal t.i.d. configuration (3,5). For 

f.i.d. operation the'bead is ~emoved and the switch thrown 

in ~he other direction, thus po1a~ïzing the burner. 

The pye-uAicam ionization 

~emp.erat~re contro11er are use~ to 
,. 

" amplifier and dual-

monitor the response from 

the detector and maintain,constant pyrolysis and detector-
\ 

oven temperatures, resp~ctively. The solvent-evaporator oven 

of the moving-wire detector is not used, the detector oven 

is maintained at 200°C, and the pyrolysis-oven temperature 

is varied when ~ppropriate. 

A H~neywell Electronik 196 (10 mV full scale 
,e • deflection) reco~der ~s used to record the amplifier~output 

t 

responses and ~'oife measurementS. , 
The alkàli-metal source, a rubidium silicate gla5s 

bead, was fabricated according to Lubkowitz et al. (7 "B) • 

Since the y mentioned that a more complete study was underway 

to optimize 'the composition ,of the alkali source, only on~ 

bead comppsition was'used; The bead contained 17% by weight 

• 

1 
1 

, ,1 
, 



( 
RbCl to Corning 7740 glass (Pyrex). Ground glass and RbCl 

were mixed and placed in a 1:> -mL Coors porcelain crucibie: 
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While .stirring continuously with a quartz rod, a butane-oxygen 

rich flame was used to melt the mix. Once a melt was formed 

a strand was pulled and, using a smaller flame, attached 

to the bead holder platinum wire loop. One bead, 1.9 mm 

diameter 1 was us~d for this entire study: Once attached and 

o:entered on the wire the bead was. aged glowing red in the 
, ' , 

flame for ten minutes and then annealed for another 10 min 

in a sooty If lame. After placement in the detector, a high 

bead heating current (9.0 ,iUnpL was applied through the bead 

until a stable ionization background current was attained 
5' 

(approximately 5 h). A proper ly aged bead should gi ve a i B.C. 

of around 1 pA at high bead current (7), i.e., enough to 

cause the bead' to glow red. 
'1 

The evaluation of the dëtector invo...lved first 1 

.: ~ 

relating the rubidium silicate bead respons~ to ~ariations 

in H2 , air, and N2 flow rates and bead-heating curre,ht. 

Since the Pye system did not provide an adequate'means of 
":' 

qu~ntitating gas flow rates, 

rot~eters (Emerson Electric 

\ -
Brooks flow co~trollers and o ' 

Co'., Hatfield, Penn.) were used. , , , 

These were modifieg for the flow-rate 'ranges. used. AlI ,gases 

were of "Zero Gas Il ,puri ty (Linde Special ty Gasés) and further 

purified by passing through filters of Drierite (Anachemia 

Chemicals Ltd.', Montreal, P.Q.) and molecular sieve (Type 
V" ~ 

__ • ____ ....... ' .... 2..._ __ --.. ·• - . 

1 • 

\ 

\ 



j 

1 
i \ , ' 

.' 

( 
3A , Matheson, Coleman, and Bell,\ Norwood, Ohio). At a 

constant iD ~valuation of the bead response involved'varying 

the H2 , air or N2 flow rate while ke~ping the other two 

rates constant an~ measuring i B.C." The~e measurement~ were 

repeated at different bead-heati~ents. 
~ 
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\') 

"To evaluate the response of the detector to selective 

standards, ,s8mples in a 0.5 mL/min methanol (Spectrograde, 

American Chemicals, Ltd.) ',stream were delivered to the coating 

block of the moving.-wire portion of the detector with a 
'" 

Mil~on Roy Minipump (Model 396" Laboratory Data Control), 

homemade pUlse-damping system (lS) and a Valco 3000 psig 

'" valve with 20-j.lL. sarnple loop (Valco Instrument Co., Inc.). 

As a substi tute for a column, f~ur' feet of connecting tubing . 

(l/16-inch 0.0.; O.030-inch r.D.)·we e u'sed between the 
';, -

injector 'and deteèto,r to allow seme band broadening~ 
,.. . . 

. The standards evaluated we e reagent grade shloro

and nitrobenzene (Fisher Scientifi Co., Ltd.), aniline a~d 

9ctanoic acid' (Baker Analyzed Rea nt), hexadecane (Eastman 

Organ:l:.c Chem~cals), tlii-n-bu yl ph~sphate (Fisher Scientific 

Co., Ltd.), PC-distearoyl (Standard 7, Chapter 2) ana organo

pho~ph0rus pesticides (Supelco Inc., Bel.lefonte,· Penn.) • 
, 

Working standards were made of ch1o~o- and nitrobenzene, 

aniline, octanoic acid and hexadécane~o correspond to a 10-
, , 

mg sample deliveted to the detector coating black. The se 
1 

roughly corresponded·to 10 mL of standard in 15 mL of hexane 

.-, 

. . 
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l, 

(Spectrograde, American Chernicals Ltd.). Tri-n-butyl 

phosphate and phosphatidycholi~olutions were made with 
\ . \ 

methanol ~o correspond to a 20~g sample delivered to the 
• 

coating block while the pesticides were as 50% solutions in 
! 

methanol (SpectrogradeJ American Chemièals, Ltd.). The 
1 

malathion standards for the evaluation of linearity and 

sensitivity of the d~te~t~r were made by appropriaté seriaI 

dilution in methanol. o 

3.3 RESULTS 
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Whil~ this detector is similar in operation principle 
vrY 

to one previously described (3-5), it'v.aries 'considerably 

in burner design. A series of experiroents was conducted to 

compare the operating param~tel;:"s fis' and N2 , air, ~nd H2 , 

flow rates) of the present dete~tor with a similar study 
\ . 

reported for the previo~sly desc:i-+bed detector: The detectors 

were not' expected to be directly c~mparable but, g,eneral 
\ 

~similarities were expected to'be fo~nd. 
'~'" Lubkowi1;z et~. (6) found i'oilization background 

... 
current.~~ a f~ction 01 b~ad ~eating ourrent, a~d a: the. 

,be~d aged gre~,~er i B waS required to attain the sarne i B •
C

." 

Figure 3-3 ..,. 
..... ' 

shows .c: versUs i B .... for o~r bead. As can be 

seen, a significant cline in i B•C• was observed after ten 

days usage. The)i
B 

requi ,,~d· to attain a gi,ven i was 
-' B.C • 

.. 
..".~_Iif4''''''''''''1 ,_--, _w ..... _.,._._ ......... _u----__ ..... · ..... _, _.""" .. ""f~l'""'i'il""'i .t"'4'w.Utll<, .... , ... ., ........... UI_. ____ --- - -~- - ,. 
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significantly higher in our system, presumably due ta the 

large" 'bead size used and the necessi ty of heating t~ bead 

holder. 
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The dependence of i B•C• on nitrogen, hydrogen and air 
1 

flow rates was aIso\ investigated. This was done because 

the sensitivity of the TID is a function of i B•C• ,and numerous 

ways· of attaining the same iB,c. are possible. Figures (3-4A), 

(3-4B) and P-4C) show that a different dependence of i B. C• ~" 

was observed for N2 , air and H2 at different i B" For N2 

flow rates from 0 to 34 mL/min (Fig" (374A» the effect was 
': 

@ot dramatic and, as exp~cted from a prev10us study (6), 

at inc~easing N2 flow rates iB.C~ was obs~rved to decrease. 

The reason for this decrease is not known but has been 

attributed to cooling of the bead by convection (6). Using 

a platinum-platinel thermocouple, we measured an increàse in 

the temperatu~e of the zone wher~ our bead was placed. This 

·observation warrants further investigation. 

Figure (3-4B) shows that by increasing air flow 

;-ates from 220 to 1000 mL/min~ iOI\ization decreas1d more 

significantly than for N2 chang~s over its entir~ range~ 

The nitrogen flow rate. was normally left constant at 30 or 
~ 

35 mL/min while the 1:tir':"f'low rat~ was varied from 300 to 

500 mL/min" For N2 a high flow rat~ is required to prevent 

tail skewi~g of injected samples. Air-flow rates have the . 
similar effect of preventing mishape~ peaks and so must be 
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Figures 3-4A,B and C. Ionization-background current (ià' C) as.a ~unction 
of changes 'in nitrogen (A); air(B), and hydrogen{C} flow·rAte and bead -
heating current. (Un1ess otherwise stated', H2 = 51 mL/min, Air = 300 mL/min, 
and N2 = ~~ mL~min). • = i B of 0 Amps, Â~= i B 3 Amps, 0 = i B of 5 Amps, and 

• .--::Z 1 of 7 Amps. 
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maintained at a rather high v.alûe·. 

_ Figùre (3-4C) shows that H2 flow rattes from 48' to 
o 

64 mL/min play the most significant role of the tbr-e.~. As 
; 

expected an increasing H2, flow rate increased i B.C. due. ta 

direct heating. What was unexpected was how large a 

dependence iB.è. had on the H~ flow rate. Figure (3~4C) 

indicates that very, eareful control of the H2 flow rate is 
') , 

requ~red to prevent eonsiderate low frequeney noise. Beeause 

the ionization process responsible for maintaining i B•C. 
. , 

(Le., Rubid:i:um loss, from the bead) océurs on the bead ____ 1 

surface, fluctuations in the H2 flow rate are expected to 

make a greater' ~onhibuti~n to noise than" lB' The bead

h.eating eurrent heats through
o 

.the center of the bead, where 
, ' 1 

the bead-heat capacity c~n buffer ''fny short term fluctuations 

in current. A -voltage • stabilizer for the bead heater ia 
. ; 

still required sinee line-voltage fluctuations, without the 
'J ,0 

, 
stabilizer, 'cause sign!ficant low frequency fluctua,tiona 

, ' 

in i B. C._ and baseline drift at low attenuations. 

The gas-flow ràtes used in these studies represent 
, ", 

,the upper and lower limits of corribustion with the 'burner 
-

system' used and are qui te different from those given in the 

comparison study (6). This is expec·tèq beeause of the 
• 

totally different burner designs employed by the Pye and 

perkin-Elmer systems. 

, ' 
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3.3.,1 Seleetivi ty 

One problem a!?sociated with evaluating a t.i.d. 

using a wire t;t;sport interf~ce is the unc~rtaintY ,,,Of th~ 

amount of samp / eaching the detector (11). ,In Qrder -to 
. '" ~ 

test the se1ectivity of this· modified detec~or the tran~port 

mechani~m was f;rst run 'with the f'. i. d. in plaee. Nitrôcjen . ' 

was used as the purge gas .from the yyrolysis oven for 
a 

nitrobenzene, chlorobenzene, aniline, t-butyl' phosp.hate, 

hexadecane, octanoic acid, and p~osphatidylcholine. The 
" 

resùlts are presented in T~le 3-1. As indicated by 51ai5, 

" and Krejic (11) the respo!tse, from a detettor. of th~s sort is 

75 

cornplicate4 by ~he wire-transport s'y.stem, pyrblysis "process, 

and gas-phase transfer of pyrolysis products to the sensing 

e~ement .. ' AlI results' in Table 3-1 qorresponded to injections :' 

o~ a 10-m~~samPle except for t-butYl phosphate Jand ph~'sPhati-
~ . / 

dyleholi~~ which were ~O lJ~: pe~ heights rather. than àreaS' 
, , .., ~ j 

- were cited sinç~.no col~s were used. FO~ comparisQn . 
" . 

to the other standards, the t-butyl phosphate and phosphatidy1;
~; 

, cho~in~ responses were mUltiplieq, b' a factor to correspond 
, '1 1 

" 

to an, injected Sdp1e of 10 mg. ' 
.' 

( 

aniline 

The f."i.d .. and t.i.d.~ responses for ch1orobenzene" 
.,' \ ., I.~.-!JJ 

and nitr~benzen~ wer~ 1e ither not, detectabl~ '~r v~r~ 
- t \) " 

small.' It was assumed 'that cl laC'k bf wire coating was the 
, .": 

main reason thàt the Se compounds were not detectable. For' 

., 
, .' 

/ 

" -

\ 
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Tao1e 3-1: comparison of f.iod. te t.i.d. ReSfQ1ses for Standëu:ds 

, 
t.i.d. RESPONSE (AInp) 

f:1.d. RESPONSE* (Amp) STANDARD \ 
1 , AIR*** -N 

~ 2 
~-------- ~------

----------------------------~----------------~---------------
Hexadecane 2x10-9 1.1x10-12 2.Bx10..l.10, 

Octanoic acid l.2x10 -9 1. 3x10-12 1.4xlO-lO 

t-butyl phosphate l.3xlO -9 1. 5xlO-11 1.OxlO-lO 

Chlorobenzene N.R.*· N.R. N.R. 

Nitrobenzene 3xlO~1.3 N.R. N.R. 

Aniline N.R. N.R. N.R. 

Phosphatidylcholine 5xlO-l.O N.R. 7.5xIO-,lO' 
~ 

1., .. 
* See text for sample arnounts. 

** No response above noise. 

***. 1 Air was substituted fpr N2 as purge gas "fram pyrolysis oven. 

\ H2 = 132 mL/min • . -, 
/ 

Air == 590 ~/min. 

N
2 

= 35 mL/min. 

Wire speed \ = .. 6 cm/sec. 1 • 

Pyrolysis ·overn == 700°C. ./ 

\ 

() 

• 

. --___ -=-" ____ ......... _f<"6iC1_~_~'_iMi ... - ...... -1'.-..' ........ _ ....... ____ -'\.'-: }l'~: 
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the f.i.d. mode, hexadecane, octanoic acid, and t-buty1 

phpsphate gave approximate1y egual responses while phosphatldyl- / 
. . 

choline gave a s1ightly reduced response compared to the 

three detectable standards. The i B. C. used to generat~ the. 

data in Table 3-1 was 8 x 10-9 Amp. Using N2 as purge gas 

and the t.i.d. mode, t-butyl phosphate and phosphatidy1choline 

gave·responses approximately equal in magnitude to the non-

phosphorus'containing standards, hexadecane and octanoic acid. 

To fu'~her investigate the simi1arity of response 

between the nQn-phosphorus containing and phosphorus containing 

standards, a study invol ving f. i. d. and t. i. d. response as. 

a function of'pyrolysis oven temperature was conducted. As 

i1lustrated by Fig. 3-5, the response of t-butyl phosphate 

in the f.i.d. and t.i.d. modes was found to be dependent 

on pyrolysis-oven temperature. As the pyrolysis-oven 

température was increased, response in the f ~ .. d. mode 

increased slightly, while t.i.d. response decreased significantly 

(over 140 times). At 400°C, octanoic acid and hexadecane 

gave no resP1nse abpve noise with the t. Ld. detector. Also, 

the phosphatidylcholine response did not increase with a 
. , ~ 

decreas~ in aven temperature. -Thus it was concluded that 

for relatively volatile standards such as hexadecan~ octanoic 

acid and t-butyl phosphate, compared to phospha~idylcholine, 

a large portion of the sample coated on the wire can be 

transported to the detector sensor. Some compounds such as 

If. 
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nitrobenzene, -chlorob~nzene, and aniline were not detectable, 

apparently due to a transport problem. Furtherrnore, the 

detector is species selective, for phosphorus. Care rnus,t be 
"-

taken in controlling pyroiysis-oven temperature as too.high 

a ternperature appears to be associated with a transport 

problem to the t. i. d. sensor, possibly by formation of sorne 

refractory phosphate species. 

High lnolecular weight compounds such as phospho-

lipids were not detectable at low levels presumably due to 

~ the~r Iow vapor pressure. The Iow vapor pressure of 

phosphatidylcholine necessitated high pyrolysis-oven 

temperature, causing the sarne transport problern associated 

with ~-butyl phosphate. 

The response of organophosphorus pesticides was 
---------------------------~------

also tested. These cornpounds are sirnilar to t-butyl ------"'" 
, , 
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~" ... -. 

phosphate, the model cornpounduséd to develop this detector. ,,-,,'-., 

The response of the pesticides tested is given in Table 3-2 

as a t.i.d.-f.i.d. ratio. The enhanced sensitivity for this 

, class of compounds indicates again that a relatively high 

vapor pressure (compared with phosphatidylcholine) is 

necessary for response. Pyrolysis-oven temperature was 500°C 

for this study, but could be optimized for any given 

pesticide of interest. '. 
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Table 3-2: Comparison of f.i.d.\to t.i.d. Responses from Organo

Phosphorus Pesticides 

SAMPLE 

DOVP 

'C.' # DIAZ IN ION 

"\ PHORATE 

m-.SYSTON 

PARATHION 

VALED 

DI-SYSTON 

PHOSDRIN 

ETHION 

RESPONSE 
f.i,.d./t.i.d. 

36T 

182 

252 

200 

219 

167 

.. 
J-

238 

222 

243 

.' 

.. 

i' 
! 

1 

1 

! 
1 
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3.3.2 Sensitivity 
, \ 

The origin~1 purpose for detector modification was 

the determination of phospholipids. As modified, the: 

detector is incapable of any enhanced sensitivity over -the 

Pye Unicarn LCM2 system <16,17) for this class of. compounds 

o'-for reasons ci ted previously. However, the ?etector may be , 
'fsefui for other clas~es of organ_ophosphorus compounds, s,uch 

~as pesticides. Therefore, sensitivity for ma1athion was 

studied. The relationship of respo~se to background 

ionïzation for the t.i.d. iS,well documented (6',18,19). 

~igure (3-6) illustrates that while the signal does iAcre'ase 

with an increase in i B • C.' the t''':'''butyl phosphate noise also 

increases. The signal-to-noi~e ra.tio (SiN) curve i1lustrates 

that an optimum SIN is obtained at "lower i
B

•C.' For this 

study i
B

• c. was varied by changing thé bead current iB; 

however, i could also be changed by varying the H2- or B.C. 

air-fiow rate. Lubkowitz et al. (6) illustrate the signal 

l " and. noise dependence of this type of detector on H2 , air, N2 

and iB. 

Optirnization of H2, air, and i B as weIl as wire 
, ' 

speed, Which aiso affects sensitivity and noise, can'be done 

,;but requir~a cOI?plicated optimization format. J Nb such 
1 

technique was 1\ applied . here. When this detector is to be used 
, . , 

for quantitating a specifie srt~, simplex optimization 
#t: ., 

'1 
( t, 
\ 
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(20 , 21) rnay be emEloyed. Thus the vresponses gi ven are not . . 
• 

optimum wi,th respect to the signal-ta-noise ra~~o. 

In Fig. '(3-7) is plotted,,~ of malathion in .ected \ . 
versus ,resp'ons'e as' peak height.. As can be seen the response 

.: . . 
of the roodif ied detector is linear over at 1east four orders 

of magnitude; the de~ector has the capabili ty of detecting 

35 ng of malathion. The detection 1imit is defioed (Chapter 

1) as the amount o'f malathion prpducing a"" signal twice the , 

peak-to-.peak noise as me:asured over three t,imes the peak 

base width. Simi1ar detection limits aré expected for the 

other pesticides moni'tored'lIas- weIl as other organophosphorus 
" . 

compounds exhibiting" sorne volatility •. 
9 

3.4 Drsc SSION 

f , 
The l'jeC~iVe of this 'study was to modi,fy a S~~Ple 

transport f. if~' to give enhanced sensitivity for orgél:no

phosphorus CofPOU?di: The data in Figs. (3-4A) to (3-4C) 

i11ustrate ttt, different burner configurations require 

different OP1rating ranges for H2 , air 1 and carrier gas 

(purge gas, N2 ) flow rates. Also, the 'Sensitivity of i
B

•
C

• 

ta varying H2 flow r,ates was greater th~n expectéd, and, 
A1' 

demonstrates that the H2 flow rate must be contro1led more 

carefu11y than either the air or the purge gas-flow rate. 

F ina11y, while bead current i B can be used to establish 
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Malath10n (grAIU injecteeS) 

Figure 3-7. Response CR ) of the t.i.d. to varying 
àmounts of malathion. ~îtions as in Figure 3-6 
with pyrolysis oven temperature SOQee and i

B 
C of 

35 picoamps. Linear regression analysis •• 
gave response' = 4.67 (+ 0.121) X 10-5 moles l1â1athion 
+ 7.07 (.:t 6.05) X 10-12 (.:t 1 S.O.). 

83 

_~ _ J; 

;: ., 

t- • 

E·.:. ". 

".-

,. .. -o.--- \ 



r-
I 

'( 

,~ 

\ 

( 

, 
--___ ~ _ _;. --rro"'" ........ , ----_ ......... __ _ '~~,-~":-_;.~~"-~~ -_ .... -:";:'-'''''''~!f'/:'~''_.~ ~ :"'~;:;;:;"~;',,: ;.~-._-~_:"", .• ",.".-----t 

/ 

84 

. a given i B •C.' the H2 flow rate hàs a larger effect and must 

be used initially to establish the lower limit of i a . c . ~ 

The sensitivity and selectivity of the detector 

were difficu1t to evaluate and cou Id not be compared with 
\ 

other reported gas chromatographie deteetors beeause of ,the 

different transport rneehanism. The response of the detector 

was due to two phenornenà: transportation of the solute to 

the detector-sensing elernent and response of the sensing 

e1ement. When compared to an f.i.d. using the sarne transport 

mec~anism, the t.i.d. showed enhanced sensitivity for certain 

organophosphorus pesticides ranging up to 500 tirnes (and 
\-, 

presumab1y greater if' properly optirnized). The detection of 

phospholipid by this detector was not possible.' This was 

primarily beeause of the inability of the transport mechanism 

to transport the mos::' important portion of the mo1ecule, 

the phosphate diester, into the flame. 

The tr~nsport mechanism used here was first developed 

by James et al. (22) and the entire detector was later 

improved signifieantly by Scott and Lawrence, (23) with the 

addition of a reduction unit before the f .i.d. which 

eonverted the oxidation products from the pyrolysis oven to 

methane. This later model (not used here) is useful as a 

detector for hydrocarbon speeies but deteetion limits for 

phospholipids below one rnicrogram are not possible (18,19). 

An additionai modification to circurnvent the 
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transport problems observed with phosphatidylcholine would 

be to place the transport wire through the t.i.d. flame as 

done by Balaukin et al. (11). This mOdificatioJ was att~Pted~ 
but increased noise, as seen in another study (27), made this 

configuration useless for detectiqn purposes. The next 

chapter describes the design of a detector based on an 

entirely different principle of operation. 
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4. 

4.1 

/ 

DEVELOPMENT, AND DESIGN 'OF A POST-COLUMN REACTOR 

FOR HIGH PERFbRMA~CE LIQU1D CHROMATOGRAPHY 

10 
CENERAL INTRODUCTION 

"0 

, 
Alternative detectors for high performance liquid 

chromatog.x-aphYr (h.p.l.c~ have been discu~sed in Chaptirs 1 

and 2. In thi.s chapter a detector based on quantitating tne 
\ 
~-phosphoglycerol portion of a phospholipid or ,th~ glycerol 

, 0 0 

portion of triglyceride molecular species is described. 

-The determination of totcÜ-t'riglycerides --in serum 

88 

__ --is often done in clinical laboratorles by one of ~w(j) rnethod,s. 

1) 

o 

One method is based ,on classical cqemical reactions, 'the c' 

other newer mé thod j-s based on enzymatic x:eactions. 

The development of the classical method covered 

the period of 1964 tô '1975 beginnin9 with its introduction by 
, , 

Lofland (1,2)" and Kessle:xr and Lederer (3). This method ha~ 
.< .. 

the advantage of cast effectiveness but 1acks selectivity. 
" 

AlI classical methods for triglycerides require extensive 

'samp1e pre-:t:çeatment to separate triglycerides from 

phospholipids. 

The enzyme-based alternative method was developed 

after 1973 (4,5) and is now used almost exclusivEùy. Enzymatic 

selectivi ty e1irninates 'the need for sample pre-treatment. 

The NAD-NADH couple, a comrnon denominator in many clinical 
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analyses, is thè final end produet for UV-speetrophotometric 

quantitation. Enzyme-based methods have very recently heen 
'J 

extended to ,phospholipid .determinations (6,7,8) and are 
\ 

similar in approaeh to the triglyceride methods. 

In comparing the-two triglyceride methods, in the 

eontext of use witlt ehr'omatography, ,the enzyme method' s main 
~ '(:, ( , 

advantage of s~lectivi,ty is not' important. Furthermore, 

interfacing an en~yme system with ,either norrnaror reversed-
-

phase chromatographic units raises a eompatability problem 

tha~ greatIy restricts the ehoiee of mob~le phase. The 

classicâl method, on the other hand, is reasonably liberal 
, i . . 

with regards td' 'compaJabili ty wi th var ious mobile-phase 

systems. Thus; the elassieal method was ehosen to Qe 
\ " 
~ investigated as a~possible basis for a liquid chromatographie 

detector. 
1 

/ 
1 

In,order ta effectively couple the classical me~hod, 
, 

essentially a series of chernieal reaetions, to the ef~iûént 
~ '. -

of an h.p.l.c., a rn~rriage between the h.p.l.e. a~~ sorne 
1 l-

mechanized chernical system, a Post-Colurnn Reaetor (p. c.r .J.-, . ' 

is needed. Mechanized ehemical systems can be divided" in ta 
~-l ...., 

two.g~neral types: dis~rete analyzers and flow anaIyzers • 
. " 

With discrete analyzers, mechanization is àceomplished ,'on 
1 

the principle of the robot-chemist where the sample i6 placed 
~ 1 

i 
in a container (sample ,?up, test tube, etc.) and chemical 1 

f' 1 
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:<manipulations are carried out in a d{~cret'e manner. With 

continu~us flow systems, the sample lS injected or aspirated 

idt~' a continuously moving reagent stream and additional 

chemical manipulations such as heating, delay, irradiation, 

1 or addition of other reagents, occur at various stages in 

the reactor. 

, A comparison of each 'general method shows that 

the discrete analyzer, by definition, is characterized by 

90 

goOd sample integrity, but suffers from the need for complex"_ 

mec~an\~al design and close tolerance construction. The 
(J \' \~ 

flow a~alyzer, on the other hand, does not guarantee sample 

v integrity and may cons,ume more reagent, but the design is' 
/ 

simple and is more flexible with respect to adaptations 

or additions. When used as a p.c.r., the flow analyzer more 

faithfully reproduces the continuous functions generated by 

chromatographie processes, while the discrete analyzer gives 

averaged results in a histogram form whose resolution is , 

limited by the incrementation process of discrete sampling. 

The choice of which class of analyzer was based on 
/ \ 
the application and on the re'sources available. While examples -

of both classes of analyzers are in ,<::omm$rcial production at 
1 -

this time, the system that appeared best suited for the 

problem of ph,s>.s)?holipid and triglyceride analysis w:'s the . . 
flow analyz'er. Two systems using discrete analysis for 

detection of pho,rphoru's after column chromatography were 
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mentioned in the li terature (9,10) >. 

The recent general reviews on h.p.l.c.-p.c.r. work 

(11,12,13) indicate that flow analyz~rs -are weIl suited 

for p.c.r. w~rk. Flow analyzers, were used for fluorimetric 

derivatization methods (14) and electrochemical detection (15)." 

Sorne recent work on"p. c .r. 1 ~ emphasized the fundamental 

sources of band-broadening in flow analyzers (16,17). 

Because these p.c.r. detectors offer selectivity and 

sensitivity based on the wealth of classica1 èhemica1 

techniques presently available, conceiv~ly anY,compound can 

be detected u~ing p.c.r. 

t ThF~e types o~ flow analyzers have been reported for 
Il ' 

use in p.c.r. systems. These are~ 

1) Segmented flow systems (continuous flow analysis, 

c.f.a.): Gharacterized by gas segmentation invo1ving plugged 

flow of the reactor stream using low pressure peristaltic 

pumps. They are useful for a1rnost ariy reaction seg~e~ce. 

This is the most established of all flow analysis meth~ds and 
/ 

the basis of a: large part of the clinical chemistry industry 

(18) • -

\ 

2) Non-segmented flow systems (flow injection analysis, 

f.i.a.): Characterized by non-segrnented reactor strearns and , 

the use of re1ative1y precise pumps. These systems have 

gained recent popularity due to the simple d~~ign features 
0' 1 

and wide applicability of the technique- to common analysis 
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problems. It i5 suitable for reactions with very fast reaction 

rates, gènerally coming to completion within 30 sec (19). 

3) Packed-bed reactors (p.b.r.): Characterized by 

the use of a wide diarneter column containing inert packing as 
~~ , . 

the reaction delay-mixing unit. One publication (20) has 

reported ~sing this"fnethed. This system is limited in use 
, { 

to special applîcations. 

A common denominator between them is that they aIl 

represent designs Of on-line reactors which attempt to maintain 

sample integrity by limitiQg disp~sion while simult~neeusly 
'-- ' 

a1lowing enough delay time in their systems for reactions te 

occur te the desired degree. 

The theory of dispersion in each system has been the 

subject of much study and is a very active field of research 

at this time. For instance, at a recent international symposium 

totally dedicated to flow analysis (21),25% (7 out of 

28) of the papers were concerned with dispersion in different 

f10w analysis systems. This can be. compared te the re1atively 

small number (less than 0.2% out of' 7,870) of earlier papers 

theoretically oriented, méntioned in ~ (11). 

Reactors based on c.f.a. are identical~concept 

to the widely used Technicon c1inical chemistry analyzers 

(Technicon International, Tarrytown, New York) and are 

discussed ~ the context of the p.c.r. in Section 4.2.1. 

Detectors based on f.i.a. are in common usage and the theory 
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of dispersion in these systems has been weIl developed (22). 

The mechanism of dispersion in the p.b.r. is analogous to ~ 

__ c~=-~~rom~_tOgrap_hY dispersi~~ and _ a __ ~seful _~~scussïJn is 

presented in R,efs. 20 and 23. . \ 

In terms of choosing between the variDus systems, 
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the p.b.r. is immediately rejected ~ec~?e of the requirement 

for high-pressure pulseless pumps at each stage in the reactor. 

A choice between c.f.a. and f.i.a., (i.e. segmented versus 

w non-segmented flowY ls made possible by knowledge of the 

advantages and limitations of'these systems. While it would 

be highly desirable to use t. i. a., because of its simplici ty , 

of design, appreciable band dispersion is anticipated for 

reactors which requi;~multi~step addition of reagents and 

long (greater than 60 sec) delay times (24). An illustration 

of this is shown in Fig. 4-1 w?ere repetitive injections of 

the chromophore 3, 5-diacetyl-2, 6-dihydrolutidine made into 
..... 1 .... 

a f.i.a. and c.f.a. systém monitored by absorbance and 

fluorescence ~re cornpared. The f.i.a. and c.f.a. systems 

were identical except that water replaced air segmentation 

in the f.i.a. system. Thus the system of choice for use as 
,\ 

the p.c.r. in this application (reaction sequence shown in 
l' '''\"-

Fig. 4-16) is c.,f.a. 

In this chapter the development of the chemistry 
~ 

and hardware of the p.c.r. are described in detail. These two . 

lines of.work were carried out in parallel because of the 
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need for compatability. " 
/ 

~ 
4.2 INSTRUMENTATION DESIGN CqNSIDERATIONS OF CONTINUOUS' 

FLOW ANALYSIS SYSTEMS 

4.2.1 Introduction 

The field of con~inuous'flow âna~ysis includes a large 

quantity of literature (7,870 references between .1~57 and 
" 

1974 , (25)'~ and a large nwnber of determinations done each 

year using instrumentation based on this method. This subject 

is reviewed in two places rather exhaustive1y {11,26). ~ 

One of the most important aspects of c.f.a. is band 

dispersion of a sample as it is processed by the analyzer. 

Early work on this subject was based on an empirical approach 

(27-32) while more recent work (33-35) has been of a 

fundamen~ally derived nature. This work has culminated in a 

theoretically derived expression for predicting band 

dispersion from experirnental conditions (36) and thus a firm 

basis for instrumental design in this field is now possible. 

4.2.1.1 .Mechanisrns of dispersion in continuous flow analysis 

The mechanism of band dispersion in c.f.a. is best 

introduced by regress~on to the simpler case of f.i.a. (i.e. 
,... 

non-segmented flow analysis). It is recalled that the model 
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Poiseuille flow distribution of a fluid in the tube results 

in a bolus with its fastest linear velocity (vmax) in the 

center, the velocity dropping off in a parabolic fashion 

to v = 0 à~_ the walls of the tubes. 
~~. "" ""~ 

',- ~,h~ tube material i5, for hydrodynamic reasons, , 
\ 

always ass'umed ta be wetted and the flow is assumed ta be bath , , 
1 

steady and laminar. What results from this flow model is ~ 
.' , 

bolus with infinite tailing.
A 

This is not seen to occur in 

prâctice and in fact a bolus traveling through a tube under-
, 

goes band dispersion (shown in Fig. 4-2) with'transition from 

a rectangular to a Pqssion and then a Gaussian distribution 

(22). This dispersion pattern is explained by the phenomena 
1. 

of Taylor flow (37) where molecularyAiffusion across the 

tube av:erage,~ the parabolic flow velocity distribution in the 

tube and in doing this, limits dispersion. '" The attainment 

of even linear flow velocity 'throu~hout·the cross-section 
. <..... "1 

of the tube rbsults in dispersion of a bolus by the meèhanism 

of molecular diffusion, and in liquids can lead to quite 

lo.w dispersion. ,. 
To rad1cally alter the velocity distribution ~attern 

, \ 

in the flowing stream, Skeggs (18)' introduced bubbles (as 

plugged flow) and thus compar~ent~lized the stream into 

separate segments. This is schematically rep~esented in Fig. 

4-3 where it is -seen that a finite amount of liquid, due to' 

wall wetting, i8 transferred from "one liquid segment to' another. 
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The plugged flow forms the basia for c.f.a. systems. 
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Dispersions in these systems occur because of the wall wettinq, 

a hydroqynamic requirement for steady laminar flow. Thus, 

while plugged flow disrupts the Poiseuille flow velocity 
't. 

distribution, a mechanism stil1exists for dispersion. 'This 

amount of dispersion in c.f.a. systems can be predic~ed by , 

Snyder's equation (36). 

, . 
'" 

4.2.1. 2.' Synder 1 s equation \:, 

Starting with a definition o~ dispersion (Gaussian 

distribution) of a .,bolus, \ 
l 

(4-1) 

where 0t = dispersion in time units (5) and is mea5ured as the 

peak width at O~61 peak height, o~ is dispersion in volume 

units (mL) and ,FR is liquid f10w rate (mL· sec-1), the 

expression for the dispersion of band in a c.f.a., in terms 

of the parameters most often encountered in chromatography is 

~
• 3,5 (FR+o.92d~n) 5/3n2/3 tj 

y 2/3F d 4/3' 
R t 

) , 

(4-2) 

_w __ '-"~ __ _ ... _.- -
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where dt = tube p.iameter (cm) 

y = liquid surface tension (dynes . cm-I) 

Tl = Iiquid viscosity (p) 

D w,2S = mass transfer coefficient in water at ,25°C 

n = bubble frequency (sec-I ) 

t = reaction residence time (sec) . 

~ 
This equation, as derived and confirmed by Snyder (24,36), 

can be used" to predict Ut 2 and thus de termine a priori the --

bes~ design characteristics needed to build a low-dispersion 

c.f.a.-p.c.r. system. 

One example of the use of this equation for use in the 

p.c.r. application is shown in Fig. 4-4 where' the optimum 

val'ues of dt' n and FR resulting in the respective 0t lS 

shown. The optimum bubble frequency (obtainable in practice) 

i5 generally in the range of 1-10 sec-l, FR in the range 
'. -1 ' -1 

0.01-0,1 mL·sec (0.6-6.0 mL'min ) and dt of less than 

.2 cm. Under these conditions and if each parame ter is 

optimized with respeêt to one another, Ut can be less than 

1 s. When one considers the contribution of other eomponents 

in the h.p.l.c. and the dispersion due to connector tubing 

this value is weIl within the tolerable limits of most 

modern chromatographie systems (36)_ For instance, l sfor 
- -1 1 a typical flqw of 1.0 mL-min or 0.0033 rnL-sec- corresponds 

to 0.0033 mL-dead volume. The typical column void volume 
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.' 
is around 2 mL and thus 0.0033 mL is small in comparison. 

The values for n, FR and dt mentiqped abové were 
.1 ' 

used as general guides in developing th~·c~f.a. system 

.".descrip.:d next. Sorne practical limiting values of ni L, FR 
~/ , 

and dt were found te be important consideratipns in designing 

the c.f.a. \ 

4.2.2 Choice and Evaluation of, c. f. a. Componénts 

\ 
The components of a c~f.a. and their relationship 

to one another are sch~matic~\lly represented in Fig. 4-5.-

Each component is discussed below. 

. 4.2.2.1 The bubblef (B) 

The distinguishing feature of c.f.a. is plugged 

flaw gas ,segmentation of the moving stream. The requirements 

of agas bubble introduction system (bubbler) are that it 

delivers: 

1) The optimum number of b,ubbles per unit length 

of reactor stream (~correct bubble frequency). 

2) The optimum bubble size. 

3) A uniform bubble distribution. 

Also, the bubbler should have low dead-volume and 

good purge characteristics. 

The optimum bubble size is ~hat the bubblè length L 
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, 

is 1.5 times the diameter·df the tube (36). Shorter bubble 

lengths are unsuitable and give unstable bubbles that allow 

excess carry-over between each segment i longer bubble lengths 
~' 

on the other hand are inefficient sinee excessive reactor-

tube length is required tb achieve equivalent delaY,times. 

Oniform bubble distribution is required to minimize short term . 

noise by enabling uniform proportioning of reage~ts in the 

reactor. Low bubbler qead volume is required to prevent 

., excessive band dispersion before and while segmentation occurs. 

13ubblero design 

Special consideration was given to the bubbler as it, 
, 

more' than any other part" determines the efficiency of the 

system. 

The bubbler design which evolved from preliminary 

work is represented in Fig. 4-6. The body of th~ bubbler was 

made from a 0.159 cm (l/16") stainless steel '·'swagel,Ok@ Tee 

o 

fi tting utilizing standard compression nuts (C) as connectors'!. .... 

The gas inlet connecting tube (T) was O.l59~cm 0.0.,0.0254-

cm 1.0. Teflon construction and connected to the peristaltic 
c:? 

pump tubing with 30 cm of length. To prevent Ieakage around 

the connecting tube'a silicon ferrel (f) made from pump 

tubing was used to seai T to the body of the bubbler. A ;; \, 

O.045-cm 0.0., O.OOIS-cm I.D. (25-gauge) stainless S:teel ~-
, 

needle (N) was force fitted into the tube T and extended a 

distance E into the bubbler. 'f 
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. " , The utilization of very narrow diarneter connecting 

, tubing and the neeàle overcarne one serious problem often 

associated with bubblers which is due to thé compressible 
, 
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nature of the? segmenting gas. The backpressure of the c. f. a. 

'bqilt" up a resistor-capacitor (Re) hydraulic analog when 
~ 0 

largé volumes of gas:~Were present in the bubbler lines, , 

, which caused non-uniform addition of bubbles due to the gas 

. compression and discharge (gaS' surging). Thus, gas surging ,. 

was eliminated by decr~asing 

tube T so that the effective 

sy~tem was very low. Surging 

the volume of the gas-connecting 
.. .'. f-

tim~~onstant qt~the Re hydraulic 
... ~ \ 1 

" still occurr~d with this 

arrangement but whèn observed was diagnostic of unüsually 

high back pressures in the c.f.a., due usually to prec~pitate 

formation. 

This bubbler was found to be very reliable and as 

shown~in Fig. 4-7, gave a uniform bubble pattern. 

Evaluation of the Bubbler 

As mentioned previousiy, the optimum bubble is one 
( 

which has,length L ~ 1.5 dt' w~ere dt is the tube diameter 

(36). The volume (VB) of such a bubble is calculated from 

,.1;l1e volume of an ellipsoid as 
}~ 

VB = (7/24) TI dt
3 

\, 
dt being the interior diameter of the tube (cm), VB having 

1 (4-3) 
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'units cm -bubble-. The choice of fr~quency of bubble 

injection (n) ~epends on other experimental ~arameters as . 
mentioned in the context of Snyder's equatioIi (Eqn. ,4-2). 

For any given gas flow rate (Fg > and tube diameter, an 

optimum frequency n will occur based on the optimum bubble 

size and the equa~~on 

F = nVB 9 

COmbining with Eqn. 4-3, gives 

3 = (7'IT/24) dt n 

which takes into account the optimum bubble size for the 

tube diameter used in the c.f.a. 

ros 

(4-4) 

(4-5) 

Representative optimum bubb1e volumes for various 

commercial1y avai1able tube diameters are given in Table 4-1. 
"":~-

Sorne theoretica11y optimum bubble rates are given in Table 

4-2. These rates sha11 be discussed later in the context of 

eva1uating the bubbler design. 

The experimental parameters of interest with respect 

to their effect on VB and n are: 

1) Reagent-f1ow rate (FR) • 

2) Gas-flow rate (F g> • 
.~ 3) Position ..... of bubbler needle (E) • 

L 
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Table 4-1: " . 
Optimum bubble volume for various tube diameters. 

, 
, 

. '. 
dt (cm) 

""0.0254 

" 0.0761 

0.100 

0.200 

,~ 

~ ',.., 

Va • 
1. 5xlO-5 3 cm 

4.Ox10-4 cm3 

,~ , -4 
9.6x10 cm3 

,7.3x10 -3 cm3 

, 

t,' 

Table 4-2: Theoretical optimum bubble frequency (n) for the 

'bubbler (B) and the Teflon measuring tube 

(Figure 4- 8) • 

Fq n(Teflon tube, r = 0.08 cm) n(B, r = 0.132 cm) 

0.03 1.0 0.23 

0.10 3.6 0.80 

<~ 0, 

0.16 5.7 1.28 

0.23 8.1 1.80 

0.32 11.3 2.51 
-, 

0.60 21.3 4.75 

0.8Q 28.3 6.31 

1. 00 j.. .35.6 7.92 

•• 

" 

\ 

1 

1 
1 

1 r 
l 
1 

1 , 



1 
1 

1 
1 

i 
1 

1 

\ 

, 
" 
" 
1 

; 

, 
, 

, 
II' • 

( 

( 

· . 
..... ., -.~, ..... ____ ~ ................. ___ ~_~~ .. _H_ _ ~_ ......... ri, ,..;._,,,.,, ..... ;.~$ __ ~...--._ .......... .....-. __ .... <-..... __ ~ ..... _ 

\ 

.' 

107 

Evaluation of these three variables was done with 

the system represented in Fig. 4-8. Bubble frequency and VB 
were determined by measuring: 

1) Bubbles per cm (B) from the elength of tubing 

required to contain a segment of l~quid stream containing 

10 bubbles. 

2) lndividuaf bubb1e length (L) using the length 

of at least ten bubbles sighted through a transpa~ent O.OB-cm ' 

l.D. Teflon tube. 

3) Frequency direct1y using a P90tometric detector 

with low (8 llL) dead volume. This system was found to he 

inadequate for measuring ,bubble frequencies greater than 
- -1 

n = 3 sec and thus was used' principally for gathering data 

for display (examp1e Fig. 4-7). 

Bubb1e volumes were calcu1ated using the equation 

(4-6) 

where r = 0.04 cm. This equation assumes the bubbles are 

cylindrica~ and does not correct for rounding effects at the 

bubble ends. The use of narrow diameter Teflon tubing (0.04-

cm radius) for measurements of Band L al10wed this 

approximation to he made (estimated error < 10%).' 

Bubble frequencies were ca1culated from the following 

1. 

-~-----..~--_ .. _ .. _" , 

1 

Il 
1 

j 

1 

1 

i 
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(4-7) 

where FT and VT are total flow ~ate (Le. FR + Fg> and unit 

( 2) -. tube volume cm 1 respect~ve1y. 

The effect of reagent f10w rate on n was tested 

-1 by varying flow rate FR over the range 0.5-7.0 mL·min The 

effect on Va and n of varying Fg over the range 0.030 to 1.0 

mL'min- l was investigated and the effect of position of 

bubble needle (E) on bubble frequency n was investigated 

by varying E. In aIl caseS V and n were calculated using 

Eqn. 4-6 and Eqn. 4-7. 

To test the validity of this experimental approach 

a relatianship between the dependent and independent variables 

was derived such that 

(4-8) 

and 

A == C 

A rectilinear plot of A versus C ls given in Fig. 4-9 and 

shows that the experimental approach was valid over the flow 

ranges tested and 1acked obvious systematic error. 

The effect of varying FR (presented as F
H20

) on n 

is shawn in Fig. 4-10 and indicates that ,this variable has 

1 

'j 
, 1 
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little effect on n and VB over the range investigated. 
/1':' 

The effect of varying F on VB and n is snown in • g 

Fig. 4-11 and 4-12. These results are for two posi~ions of 

the bubb~le, E = O. 4 and E !:: 0.8 cm. The bubble 

frequencies and volumes are in the desired ranges diseussed 

in the presentation ofr/Snyder's equation and Tables 4-1 and 
" 

4-2.- The effect of varying needle position, E, is shown in 

Fig. 4-13 and shows that E affects n insofar as for E less 

than 0.5 cm, n is independent of E and for E greater than 

0.5 cm, n is dependent on E. Thus the bubbl~r has sorne 

adjustability and can be operated at either low (less than 

0.5 cm) or high (greater than 0.5 cm) frequency. 

For E in the range 0.8 cm, the bubb1e volume VB is 

110 

-3 3 . 
seen to be in the range 1-2 x 10 cm This range corresponds 

to the optimum.VB for c.f.a. reactor tubing of diameter 0.1 cm. 
/ 

Furthermore, this diameter,tu~ing was found to be weIl 

suited for the specific c.f.~. developed here as will he shown 

in the following section s. 

The optimum bubble rate (n) depends on many parameters 

but the range of 1-10 sec -1 covers the usual optimum range 

for p.c.r. work. Thus the bubbler used.here was weIl suited 

'for use in the c. f. a. system. . As will be seen, a significant 

amount of dispersion in the c.f.a. oceurs due not to bubbling 

or extended reactor de1ay times, but rather to sources not 

accounted for in Snyder's equation. These other sources of 

\ 
\ 
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1 

1 

1 
1 
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1'
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1 
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dispersion are the connecting tubing and the debubb1er-

detector connection dead,volume, which are discussed in the 

fol1owing section. 

4.2.2.2 
./ 

Ancillary tubing anà,so~e pre~sure considerations 

~onnector tubing (CT) 

This tubing is used to rnake connections between 

cornponents of the c.f.a. and the per1staltic pump. Except 

for the case of the bubb,ler, the only',requirernent of this 

tubing is that it exhibit chemical ineitness and be of 10w 
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dead-vo1urne, an aid when changing composition of the reagents. 

A O.159-cm 0.0. and O.076-crn 1.0. Teflon tubing was used 

Reactor tubing (RT) 

This tubing is used to rnake connections between , 
\, 

\ on-Line components of the c.f.a. where no segmentation occurs 

and thus must be.of low dead volume as weIl as be chemically 

inert. The band broadening associated with con~ecting tubing' 

has been described (38). The conn~ctions betwe~n the sampler 
1 

(h.p.l.c.) and bubbler as weIl as debubbler and detector 

were made using O.159-cm O.D., and O.0254-cm I.D. Teflon 

bubing and were held in place with standard swagelo~ stain-

less steel ferrels and compression nuts. 

l' 
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Pump tubing (PT) 

This tubing was specia1ized and matched the 

peristalti~ pump being used. For a constant speed mu1ti

channel pump, changes in tube interior diameter are used 

to vary the flow rate of a given channel. For instance, 
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Table 4-3 shows the various diameters, nominal flow rates "and 

rneasured f10w rates for the PT used in this work. The f10w 

rates ar~ expected to vary ± 5% bètween tubing. 

In addition to a characteristic interior diarneter, 

pumP. tubing also exhibits different chemical properties. 

Commonly used tubes are made of heavily plasticized polyvinyl 

chloride, polyurethane or silicon. Their physical and 

chemical properties have been reviewed elsewhere (39). For 

this study one of the major problerns associated with using 

the post-column reactor was finding the proper pump tube 

for the reagents being pumped. It was found that aIl 

solutions containing acetonitrile required silicon pump 

tubing. Other reagents were pumped with the polyvinyl chloride 

pump tubing. AIl tubing was purchased from Technicon Corp. 

(Tarrytown, New York) for use on the peri'staltic pump (PP), 

t~e Technicon Pump III, usee during the course of these 

studies. 

Deray coils (OC) 

The requirements of a delay coil are that it shows: 

~ .. 
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Table 4-3: Color code, reported: (manufacturers) delivery , 
\ 

rates and measured deliver~ rat~s for PT' 

Color ~ 
orange-red 

I. D, (cm) Nominal Delivery Measurecfr Delivery 

orange-yellow 

orange-white 

orange 

white 

red 

gray 

purple 

* 

- 0.019 

0.051 

0.064 

0.089 

0.102 I~ , 

0.114 L 

0.130 . 

0.206 

Rate (mL/min) 

0.05 

0 .. 21 

0.30 

-
'\ 0.49 

--- 0.66 

0.B3 

1 .. 00 

2.44 ~ 

-. 

Rate (mL/min) , 

0.03 

0.16 

0.23 

0.42 

0.60 

.0.80 

1.00 

2.50 

.' 
, 
" 

, 
'" 

Measured using a 5 mL volumetrie f1ask and stop-watch. 
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1) Chemical and thermal inertness. 

2) Hydrodynamic compatibility with the moving 

stream (Le. wet ability) . 

3) Mechanical properties assuring easy handling. 
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4) Proper diameter (dt) for minimum band broadeninq. 
~ " '1 

5) proper total volume for sufficient delay t;ime 

at the reagent flow r~eing used. 

Of aIl the materials tested (Teflon, Polyvinyl 

'chloride, pol.yethylene, glass and stainless steel 316) 

stainless steel was found to be the rnost' useful and"fulfilled 

requirernents 1-3. One of the limitations of stainless steel' 

was the relative incompatibility of this ma:terial with 

halides but otherwise the overall chemical and mechanical 

properties made it a useful material. 

With respect to the cho~ce of proper dfameter and 

'volume of the delay coil referaI to the work of Snyder 

(section 4.2.1.2) was of aid, but only when considered in 

the context of the practical aspects of choosing reac'!:ol; 

tubing. The overarf flow 'balance~. the c. f.a. is 

" 

(4-9 ) 

,\ 

where FR = ï FRn and FT' Fg and F Rn are the total, gas and\ 
, "r 

By substi tuEing individual reagent ,flow rates, respectively. 
\ , 

E~n. (4-5) into 'Eqn. (4-9) and also allowing for the r'eaction 

, 
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1 
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delay time' te determine FT i the resulting expressio~ is 

,. 

7n 3 
FR + 2if dt n " . (4-10), 

• and thus ' 

4tF
R L > --3 + (7/6) dtll·t 

nd t · 
(4-11) 

where t is the required reactien tirne. When L was evaluated ,., 

for·the wide ranging conditions of: 

" d' /. dt = 0.0254, 0.76~, 0.10, an 0.20 (ern,all 

commerciall~ available). D o 
. -1 

= 0.0083', 0.017,0.033, and 0.0667 mL·sec -. 

t = 60 sec. 

,1('0 1 1 0 10 0 (,. -1) n =' .', ., • sec". 
, 
r 

LlO 

'. The re-sul ts, shawn in r ~ 9' • 4 -14, 'allowe'd j udgernen t 0 

en ~hich conditions ,were practically attainable. o' 'For instance,\ 
l , ' 

using the tube size 0~025 (0,.010" Iode.) at a FT of 1 ~/rnip 

r~quires a minimum of 20 me~ers of reactor tubing for 60 Sec 

6f de1ay time. This 1ength of tubing is net practi,ba~ tor 

Use in a c.f.a. The diarn?~er tubing of practica1 usefulness 

as well as having moderately narrow interior diameterOfor 
f 0 ~ ~ 1 

~ ~") _ 0 \ 

band broadening is ei ther thé' 0.05- or 0 .1-cm 01.1). tubing. 
~ 
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The D.1-cm tubing a110ws more flexibi1ity in choice of.,FTi 
_ _ __ J 

the re1ative1y high l'low rate of 4 mL/min re'quired on1y 4 
:' 

meters tubing for GO-sec de1ay. 

Sorne pressure considerations 

Back pressure considerations are important with 

Irespect ta the action of the perista1 tic pump (PP) and the 

-bubb':ler (B). Using the Waters 6000A pwnp and a strip-chart 
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recorder connected to the output of the pump' s pressure 

transducer a110wed measurement of the back pressure deve1oped. 

when distilled water (22°C) was pumped through various 
.....--,} 

tubing diameters and 1engths. The resu1 ts, presented in 

Table 4-4, were derived from plots of back pressure deve10ped 

in 3-m segments of the tubing over the range 0.5-9.0 mL/min. 
t 

Linear: re1ationships were seen _between length of tubing and 

pressure drop recorded. The resu1ts indicate that O.l-cm 1.D. 

,tubi,ng has low enough pressure drop to be usefu:11 over a wide 

range of conditions. 

\ 
'l'he tubing used f or the De of the c. f . a. was O. 10-cm 

I.D., O.159-cm O.D. (standard 0.030" LD., 1/16" 0.0.) 

stainless steel 316 tubing. The coil diameter of the tubing 

was 1 cm ~ as measured' from the exteri.or of the tubing. 
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Table 4-4: Back pressure associated with vario~, internal tube 

diameters of sorne commereially avai1ab1e stainless 

steel tubing. 

I!.p ( . ) ·mL 
Tube I.D. (cm) ESl. 

M·s 
'.,; 

0.025 100 psi 

0.,076 'V 10 psi 

0.170 'V 5 psi 
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4.2.2.3 Ancillary equipment, ,pu11-through and the segmentation 

Proportioning purnps (PP) 

For the law-pressure application of c.f.a. a 1ineàr 

peristaltic purnp, Technicon Pump III, (leased from Technicon 

Instrument Corp. Tarrytown, New York, 10591) capable of 

delivering 23 f10w channe1s in the f10w range 0.015 to 3.90 
\ 

mL/min/channel was used. This pump carne equipped with an air - \ 
1 

bar used ta syncronize the bubbler with lift-off of the 

phmp rollers but was not used in the application described 
\ 

here. Also, the purnp runs ât two speeds, normal for reagent 

de1ivery and a pre-timed fast for wash out of the c.f.a. 

When the system was shut down' the c.f.a. was washed out with 

distille~ water using the fast cycle. The entire system was 
\ 

periodically washed with 10% nitric acid solution. 
( 

Tees {T} 

The requirements of thè tee connectors were that 

they enable different ,liqu~d strerums to merge without 

disruption of the bubble segmentation pattern or excessive 

band broadening of sarnple.~ The stainless steel Tee connector 

used for the bubbler (standard SwageLo~ design) vas also 

used for aIl other tee junctions. The adyantage in this 

was that aIl connections were made with standard material 

of low dead. volwne capable of\, wi thstanding high temperature 

and pressure (8,000 psi max). 

1 . . 

1 
1 
1 

! ' 
i 
1 
! 

1 
1 



r 

l' 

, 
i 
; 
'. 

.--------.••• ----, ••• - "'--.-' ,.J _____ • -----" -.-----------t 

121 

Pull-through (PT) 
\ 

\ 

The pull-through was used in conjunction with a 

debubbler and was required to sample the c.f.a. segmented 

stream. The main requirement was that the maximum PT be 

attained while still enabling the debubbler to reject bubbles. 
tJ 

This value for maximum PT is normally taken (36) as having 

a value of 0.7 FT' , 

The PT must, however, be adjusted to a particular 

system. D~ring the course of this study various pull-throughs 

were utilized (from 0.42 to 1. 0 mL/min) depending on 'the 

.r-eagent composition of the reactor, and ~e accomplis,hed by 

using one cpan~el of the peristaltic pump with appr9priate 

sized tubing. 

Segmentation gas 

AlI reagent{3 and the mobile phase of the h.p.Lc. 

(sam~ler, S) were degassed continuously using the helium 

displac~ment method. Segmentation was also done using helium. 

Thi s prevented ,: 

1) Dissolution of segmentation gas into the reagent 

stream. 

. 2) Inte;~ction of se~entation gas chemically with 

the reagen,t stream. 

3) Bubble formation in the detector cell due"to 
-, 

partial-pressure degassing'of the pull-through line. 

The final point of preventing micro-bubble fOrmation 
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in the detector cell will be discussed in detail in a 

following section. The use of helium was only partially 

successfu1 in accomplishing this goal. 

Helium was sampled directly from the h.p.l.c. mobile 

phase reservoir since this was a convenient source of the 

gas presaturated with acetonitrile. 

4.2.2.4 The de-bubbler (Db) 

Numerous debubbler designs have been proposed (40). 
\ -

In àll cases the debubbler was used in conjunction with the, 

pu11-through ta- remove the segmentation gas from the---C.. f. a. 

stream just prior to detection. The main function and 

feature of the debubbler was thus: 

1) Efficient gas removal with no breakdowrt. 

2) Law dead-volume and good purge characteristics. 

The debubbler used here, schematically represented-

in Fig. 4-15, was a standard unmodified stainless steel 

SwagelOk~ Tee connector such as used in the bubbler and was 
\ 

chosen because it possessed low dead volume 'and convenient 

hook-up to the c.f.a. 

The normal method of removing excess sarnp1e and 
-

bubbles from the debubbler is to allow the debubbler waste 

to flow directly into_a waste container. This is not 

effici~nt since a different back pressure occurs at the 
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H 
J,5-DIACETYL-2.6-

DIHYDROLUTIDIHE 

Figure 4-16. '~riglycaride analysi. uaing sequential reaction •• 
Detail.. are pr •• ented in Table 4-' and the text. !he reveraed 
numbering i. us.d in conjunction vith tbe opti.tzatlon of the 
~e.ction sequence. 
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'-
debubbler depending on the state of the waste line, position-

ing of 'the line with respect to the container, and the leve1 
/ 

of waste in the waste container. To'circurnvent aIl these 

problems the top of the debubbler was capped with a l-crn 

tall piece of Tygon~ tubing punctured at the base with a 

needle connected to the peristaltic pump. With this 

aspiration (2.5 mt/min) the debubbler worked efIiciently and 

independent of the waste line. 

The need for a debubbler can be eliminated in 

certain instances. Alternatives to debubbling are ~he use 

of analog electronic debubbling (36,41,42) orI~igital 

debubbling (43). In both cases the bubble is allowed to 

pass through the detector cell but the signal from the bubble 

is discriminated against and not recorded. Another 

alternative developed specificaily for the application 

described here is presented in a following section. 

4.2.2.5 Sampler (S) and the detector 

The sampler used in these studies depended on the 

application. In Chapter 5 the c.f.a. is evaluated for use 
1 

as a p.c.r. and thus the h.p.l.c. system used in Chapter 2 

'was used. For optimization of the analyzer, the pp was used 

to aspirate sample ,into the c. f. a. in a fashion iden.~ical 

to reagent addition. Another sampler system used the Waters 
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}J 

6DDDA pump and UK6 injector (Section 4.3.4) for sample addition. 

This was used in an application aricillary to the c.f.a. and 

involved f.i.a. ~ 

used in these studies also depended on 

th When high sensitivity was required, the 

Schoffel FS97D spectrofluorimeter was used. For applications 

requiring low sensitivity the SF770 spectrophotometer was 

Often both detectors were used 1n series to check 

e ch others' operation. These'detectors are described in 

d tail in Chapter 5 and are identified here when ~sed. 

\ 

\ 
4. THE CHEMISTRY OF THE POST-COLUMN REACTOR SYSTEM, 

\ STAGE l 
1 

The general reaction steps required to quantitate 

ycerides and phospholipids i5 presented in Fig. 4-16, 

the following occurs: 

Stage •. 

1 (III) Saponification of the triglyceride to glycerol. 
, \ "" 

- ~ \ ~ - - . -\\' \ (1 l ) 
a 

Oxidation of glycerol to formaldehyde. 

Chromophore developrnent based on forrnaldehyde. 
1 

\ 

\(1) 

,~-summary of the conditions used for triglyceride 

~nalysis &y eight df thè more--widely cited papers dealing, 
\ t \ ~~ 

~ith this\~ethod is presented in Table '4-5. The concentrations 
\ \ ,. 

P esented ~~e~not those reported in the original references 
l , 

\ \ 
l , 

\ \ 
l , 
l , 

\ \ 
\ l 
, l 
\ , 
\ \ 
\ l 
\ 1 i 
I, 

\ \ 

.. 

1 
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Tab:L~ 4-5: Sœmary of the ~ta:L conditicns used by various authors ta ëlete.nn:ine trig:Lycerides. 
1 \.-" 

· ....... 5 
S . 

8 ~ ~ 
II 12 . ....... 4 :g ~ 1 ~l II +>3 . i l 

g t; ~ 

H ~ ~ - 0 
Ü~ 

. • 0 Cene. 
~ 

g~ 8i J .j..I i3 
o Reagent cS3 NaI04 . SN ~ ~ Ccmrent 

1. l 0.29M KOO l 0.025M A 0.025M 0.7M 50 F A orig~al system, 'see refs. 1 & 2 
, 

2. C-M O.4M KOH E 0.0045M S 0.72M 1.0M V A M prooedure incx:nplete 

3. IN O.084M NaCI<1e l 0.0074M' A 0.09M O.OSM 50 F A Reagent l is used after 1 h 
and wi. thin bIo days 

4. IN O.Ol2M KOH l O.OO~ A 0.0005M 0.37M 50 F A 
~ 

, . 
5. IN O.0028M NaCME\ ,~o O.OOSM ~o O.Ol7M 0.44M 50 F A 

6. lN O.OSM NaOEt l O.OOlM S O.0025M 1.5M 60 A M Reagent l is used wi thin 1 h 
F 

7. IN kT'D NéŒe 2 lN 0.014M A O.lOM 1.6M RI' A A 

'8. m O.05M KOH E O.Ol7M H O.035M LDM 60 A A 

1 . , 
l ;::: isq>ropanol, n = n-nonane, E = ethanol and C-M = ICCl3-MeOH. 

2Ali rolarities are given as a:nœntraticns of the ~agent described in the reacticn nùxture. 

3A = acetic acid, S = sulfurie acid, H = hydrochloric acid. 

,4RT = roan temperatuI:e, V = varied wit:h-eadl step. 

5F ,"= flùorescent detecticn at'" >":îg, A = absorbance at '" À 400-420' 

,--

Ref. 

1 3 

44 

45 

46 

47 

48 

49 

50 
" 

..... 
l',J 

0'1 

---_ ...... _\"""'~~ ......... .....,,:;--. .... ~~ ... - -
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b d ' d b l' \1' h d l b d'l ut er~ve y mu t1~ y1ng t e reporte va ues y a 1 ution 

factor that accounts for the different reagent and tatal 

reactor flow rates reported. AlI concentrations are thus 

directly comparable. 

The following trends are discernable from Table 4-5 

and the original references: 
c 

1) Extraction methods have been favored over column 

techniques for separating trig1ycerides from phospho1ipids. 

Isopropanol-n-nonane is efficient in separating these neutral 

lipids from the polar phospholipids, which remain in a 

dilute sulfuric- acid layer. 

2) Saponification and transesterification have been 

used for hydrolysis, the conditions being variable 

involving a variety of reagent-solvent combinations. 

3) Oxidation has always been accomplished with:,sodi'UIn 

periodate in acidic medium. The periodate concentration 

-3 -2 ranges from 1 x'lO to 2.5 x 10 M. 

4) Chromophore development'uti1ized the Nash reagent 

in a wide range of concentrations of 2,4-pentanedione (5 x 10-4 

- 0.72 M) and high concentra~s of ammonium acetate 

(0.44 - 1.6 M). Also, many observations on the stability of 

the Nash reagent were reported. Whi1e it was normally. 

observed that the reagent was usable for one week after 

preparation, in one case (45) the reagent was discarded,after 

2 days, in another after 1 h (48). 
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AlI work emphasized developing a rnethod having 

wide linear range with particular emphasis on extending the 

upper rather than lower range of the method. This is because 

on1y' high concentrations or ,triglycerides in serum have 
\ 

elinieal significanee. 

The chemistry of the p.e.r. was investigated in 

two stages. First, alternative ehromophore developing agents 

were studied to increase the efficiency of stage'I of the 

reactor. Then stages II and III were lnvestigated to 

determine the optimum reagent compositions and concentrations. 

Àl1 stages were then joined a;d optimized with respect to 

on~another by a -novel rnethod developed for this study. The 

total (chemistry and hardware) is evaluated in the next 

chapter. 

4.3.1 The Chromophore Developing Reagents 

In trodùction 

Reagents f9r formaldehyde, a major constituent of 

combustion gas~s and p011uted air (51), are of general 
"'-

interest because of the siqnificant irrl~ation (52-54) and , 

recent1y discovered carcinogenic (55-57) properties of this 

aldehyde. The latest recommendations on formaldehyde 

concentration are for Ithe "lowest practîcable concentrations 
../ 

in indoor residential air"'" (57). Thus, this topic is of 
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significant contemporary interest as weIl as being of 
( 

~ interest from the standpoint of deteeting phospho- and acy1-

glycerides. Also, since ma~y o~her classes of eompounds 

such as carbohydrates can be' converted to formaldehyde by 

oxidation (58-61), this reagent would_be OL interest for 

use in either beneh methods or in a p.c.r. for h.p.l.e. 

detection of other,presently poorly quantitatable compounds. 

The colorimetrie and f1uorome'trie rnethods for 

detecting formaldehyde have been comprehensi vely reviewed in 

a recent lêf:'i.es (62). The method of Nash (63) and the more 

rec~ntly(~ntroduc~~ rnethod of Sawieki and Carnes (64,65) 

both enable formaldehyde detection under re1atively rnild 

reaction conditions. They are related sinee both involve a 

condensation reaction between formaldehyde and a reagent 

consisting of a 1,3-diketone and ammonium aeetate. In the 
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Nash method, based on the Hantz'seh pyridine synthesis (66,67) 
.... 

formaldehyde reacts with a reagent consisting of 2,4-pentane-

dione and eoncentrated (approximate1y 2 M) ammonium acetate. 

The chromophore deve~oped is 3,S-diacetyl-2,6-dihydrolutidine, 

which also exhibits fluorescence (68). The rnethod of Sawieki 

and Carnes (63,64) uses dirnedone (5,5-dimethyl-l,3-cyelo-
<.. 

hexanedione) or :J.._~3:-cyclohexanedione as the 1, 3-dik~tone. 
- " 

The reaetion of formaldehyde, eyclic 1,3-diketone and ammonium 

acetate was first desèribed by Vorlander (69-71). 

Dimedone l;s the VorHinder reagent (71-73» or 
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1,3-cyclohexanedione (74) has also been use~ for the gravi-

metric analysis 0+ formaldehyde (with no ammonium acetate 

present) a~d was at one tirne th~ only reliab~ method for 

quantitating formaldehyde. The reagent was also used ~s a 

spot test for aldehydes after condensation to the aldone 
/ . 
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product (74) and further oxidation to red,or brown compounds. 

Forrnaldehyde was/also deterrnined by quantitating, ampero-

metrically, excess dimedone indirectly using sodium nitrate , 

as ·the electrochemically active agent (75). In the original 

description of the use of chromotropic acid for determinations 

.of formaldehyde in biological samples ~ VorHinder' s reagent 

was used for standardization and comparison (76). After the 

introduction of chromotropic acid,colorimetric analysis 

became more established for formaldehyde determination~ but 

dimedone was still used as a~ aldehyde trapping agent, after 

which the aldone derivatives were hydrolyzed under alkaline 
r 
\. 

conditions and the released ald~hydes determined with 2,4-

dinitrophenylhydrazine (77). With the introduction of gas 

(78,79) and liqu,id chromatographic techniques (80-82) the 

selectivity problems associated with 2,4-dinitrophenylhydrazine 
• 

have been eliminated. Thus dimedone's use for quantitating 

aldehydes has declined. .. 

When trying to apply either the reagents of Nash 

or Sawicki to continuous automated determinations of 

formaldéhyde it was found that they were both unsuitable for 
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a var~et~ of reasons. Due to the presence of high èoncentrations 

of ammonium acetate, 'high vis'èo'Sity and peor mïxing of the 
- ,....., r \- '" j \ 

~eagent with the other·compon~nts ~)~he reactor were noticed. 
~ E' 

"" Also, long reaction times (up to 30 ,~in) and high reagent 

background readings made these methods inefficient for the 

high efficiency continuous flow reactor developed here. 

~his section deals with the development of a reagent 

which is selective for formaldehyde and weIl suited for 
\' 

continuous-flow analysis. The ideal reagent for this 

application wbu1d have the following properties: 

1) Extremely large reaction rate giving a chromophor~ 

which possesses a property that can be selectively detected 
l, 

~ ) 
(~ fluorescep~e, absorbance, etc.) \ t 

2) ~pecific for the compound of int~r~t 
, 

3) Stable as a reagent 
/ 

.4) Low viscosity and is easy to ~ with other 
'<> 

reagen~s in the systéms 

5) Low background signal. 

,l, The reagen~,developed for use in 

designed to have aIl of these properties 

l, 
th~ reactor 

'-.". 
(B3-, B4) • 

4.3.2 Preliminary Studies: Introductiop 

was 

These studies invelv~d sorne clas:~c~~hemical-f 
"J 

inves~igative work on the Nash and SaWicki reagents. Fi;st, 
i 

,'"'- , 

r 

1 

.. 

.! 

1 , 

1 
,( 

'1 

d 
i 
1 

1 
,1 

1 
1 , 



'. , 
'. 
" 

., 

( 

; 

-._-_. ------_._---

.) 

" 

132 

'the reactions of sorne l, 3-diketones, "ammonia and forma1dehyde 

were investigated. Then high/so_urces of background in the 
, 

Nash reagent was fo1lowed. Then ~e reagents of Nash and 

Sawicki were studied using thip-layer chromatography for 
1 

clues to their mechanism of reaction.with formaldehydé. 

Alternate 1,3-diketones were investigated because of the 

observation that the product of the Sawicki reagent was 100 

times more fluorescent than the Nash reagent product (64). 

The Nash reagent was "investigated f~r sources of 

background contamination sinc~ one of the striking féatures 
.--' 

of the reagent was i ts color._ When an old sampl:e of 2,4-

pentanedio~e (Baker analyzed, source 3) was added to ~ M 

ammonium acetate solution, the diketone dissolved to give a 

yellow solution. The compound'responsible for this yellow 

color was indicated by thin-layer chromat~graphy (t.l.c.) 

to be the product of the reaction of con~ensation with 

formaldehyde (yellow in color with green fluorescence) and 

thus a large source of formaldehyde contamination was present 

in the reagent. Another feature of the reagen\ was that the 

diketone was seen to be insoluble in water but soluahle with 

heating in ammonium acetate solution. It is weIl known 

that 2,4-pentanedione reaéts with ammonium'hydroxide or 

ammonia gas to form the ammonium,2,4-pentanedionate-which ~ , 

then undergoes internal reaction to 4-amino-3-penten-2-one 

(85,86). Thus it was thought that the Nash reagent was simply 
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, 

-a more tedious synthetic route to this product and that al! 

of the reagents containing 1,3-dikétone and ammonium acetate 

had as their active forms the iminodiones. 

4. 3.2. 1 Experimental 

The reactions of the l,3-diketones (0.1 M in methanol, 

1. 0 mL): , 

1) 2,4-pentanedione. 

2) Oimedone (5,5-dimethyl-l,3-cyclohexanedi~ne). 

3) 1,3-Cyclohexanedione. 

4) 1,3-Cyclopentanedio~e. 

5) 1,3-Cyclopent-4-enedione. 

(aIl purchased from Aldrich Chemicals Co. 1 Milwaukee, Wis.) 
t!p 

with 2.0 M ammonium acetate (1.0' mL in H20) and 36% 

formaldehyde (100 ~L) were run in a fluorescence cell and 

the fluorescence monitored. They were aiso followed by thin-

layer chrornatography (silica coated plates, ethyl acetate: 

methanol mobile phase). 

These reactions were investigated further by t.l.c. 

and preparptive syntheses: 

1) The reaction involvlng 2\,4-pentanedione was run 

as described by Erikson and Biggs (87). When monitored with 

thin-layer chromatography this,react~on gave one fluorescent 

product (Rf 0.85 in chloroform, methanol, ammonium hydroxide 
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, ~' 
1/1/1, on silica plates) yield 90% and rn.p. 204-205°C (c.f. 

---
201-205°C CS7}) after recrystallization in methanol. 

2) IThe reaction involving dirnedone was run using 
, 

the procedure of Sawicki and Carnes (64): to 7 9 dimedone 

dissolved in 20 mL ethanol was added 38.5 9 ammonium a~etate 

and 2<l mL glacial acetic acid diluted 1/1 (v/v) with water. 

After heating to 80 0t rapid addition of 2.1 mL 36% forrnaldehyde 

gave a white precipitate which when isolated was found to . 

be 2,21-rnethylene-bis-(5,5-dimethyl-3-amino-cyclohex~2-en-1-

one), in alrnost quantitative yield (rn.p. 241-242c:. c.f. 242° 

(88». With dropwise addition of' forrnaldehyde the fluorescent 

product was isolated in 10% yield, rn.p. ,298-230~C (c.f. 

296-297° {70» after recrystallizationin'acetone. 

3) l,3-Cyclohexanedione (5.6 g) replaced dimed?ne 

in (2). Rapid addition of forrnaldehyde gave a precipitate 

of clear crystalline sheets with rn.p. 130-133°C. When 

formaldehyde was added dropwise the fluorescent product was 

isolated, rn.p. greater than 300°C, yield .20%. 

4&5) The reactions involving the cyclopentane- .. and 

pentenediones went as fo;llowed with t.l.c •. ,.to.a,véry srnall 

extent and with low yields whiçh·were not isolated . 
...-' 

~-

For the background studies 2,4-pentanedione was 

purchased from the following sourc€s: 

1) Sigma Chemical Co. (St. Louis, Mo., USA), two 

grades, one reagent (A3511) and the other their sp_~ciaLgr-ade 

• 1 

1 
1 

, 1 

1 
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(405-4) for triglyceride ana1ysis. 

2) Fisher Scientific (Fair1awn, NJ, USA) Reagent 

chemica1 761510. '-. 

3) "Baker Ana1yzed" (J. T. Baker Chemical Co., 

Phi11ipsburg, NJ), Reagent 99.0%. 
"-

4) Aldrich Chemica1 Co. (Milwaukee, Wis.), Gold 

Label 99+%. 

These were assayed for fluorescence background by 
1 

adding 5 ~L of the respective 2,4-pentanedione to 2.0,rnL 2 M 

ammonium acetate. After 30 min the fluorescence (excitation 

410 nm, emission 510 nm) of the solution was measured. 

The investigation of the condensation reactions 

invo1ved addition of 1,3-diket?ne to 2 M ammonium acetate 

and then heating to 80°C for 24 h while periodica11y 

monitoring,.using thin-layer chromatography, the reaction 

mixtures. Thus to 20 mL 2 M ammonium acetate (in 50/50 v/v 

H20/methanol) w~s added either 1 mL of 2,4-pentanedione or 
i 

l g of dirnedone. After 24 h the starting~I,3-diketones were 
.' 

not detectab1e by the chromatographie proëess but a ne~ 
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major and many minor bands were observed. When an a1iquot of 

the reaction mixture was treated wi th a drop of 36,% 
1 

for.ma1dehyde, chromophore deve10pment was immediately evident 

by ,~he color change a~d thin-layer chromatography Sho~ed that 

the original major product band was no longer present. Also, 

when the deve10ped thin-layer plates of the reaction mixtures 

1 
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were sprayed with a dilute formaldehyde solution the band > 

comprising of the major product of the 1,3-diketone and 

ammonium acetate became fluorescent. 

4.3.2.2 Results and discussion 

The reactions occurring between the 1,3-diketones, 

ammonia and formaldehyde are shawn in Fig. 4-17. Except 

for case 4, aIl product structures were confirmed as presented 

in the following sections. The use of 1,3-cyclopenta~edione 
/ 

and'l,3-cyclopent-4-endione as the basis for aldehyde 

Yeagents was abandoned at this preliminary stage: their 

reactivities were very low. 

In the background study, the fluorescence intensities, 

when compared to a standard curve made up by measuring 

fluorescence versus concentration of 3,S-diacetyl-2,6-

dihydrolutidine in methanol (measured to be stable for at 

least 7 months when stored in the dark (Appendix 4A») gave 

the results -shown in Table 4-6. One of the main sources of 

formaldehyde contamination was thus found to be the 2,4-
• 

pentanedione itself. Vorlander (72,73) mentioned that dimedone 

was easily oxidized te formaldehyde and thus 2,4-pentanedione 

may also have this property. 

The other source of formaldehyde contamination was 

undoubtedly the ammonium acetate which was present in very 
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Pigure 4-17. Pre1iminary reactions invo1ving some l,3-diketones, ammonium Acetate, and 
-...J formaldehyde. Details are presented in the text. 
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Table 4-6: Lutidine molal' equivalence for various sources 

of ,2, 4-pen tanedione. 

Source 

Sigma a) Regular (A35:j..1) 

b) Triglyceride (405-4) 

Fisher 

Baker Analyzed 

Aldrich Gold Label 

L~tidine molar equivalent* 

7.6 x 10-5 M 

6 7 10-5 M • x 

{...d'l.l x 10-4- M 

8.5 x 10-5 M 

3.3 x 10-5 M 

* A&suming 100% r.eaction, is equal to the formaldehyde 

contamination in the sYE?tern. 
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AldriCh Gold Label 2, 4-pentaned'ione was used -for the 

rest of these studies and as a precautionary measure was 

stored at -20°<4.in the dark when not in use. r, ..,' 
The

ô 

t ~ 1,' c. studies indica ted that· there occurred in 

situ in the formaldehyde reagents a product of ammonium 

acetate and 1,3-diketone. This product, an 'iminodione, was 

-most likely the actual. agent in the reagents under investigation. 

Thus ~ more detailed investigation of the reagents' chemistry 

was initiated since, if the iminodiones were usable isolated, 

mucli of the high blank and mixing problems encountered in 

the original reagents could be eliminated. The detailed 

chemistries are described next. 

4.3.3 . Detailed Studies: Introduction 

( 
1 

The chemistry of the Nash reagent was investigated ' 

using preparative synthetic techniques and an h.p.l.c. method. 

' . .This reagent, was mentioned as being based on the Hantzsch 

pyridine synthesis. The mechanism of this reaction was 

reported as not being we Il understood j ust two years prior 

to Nash's development of his reagent (89). This situation 

has not improved since then. However, this investigation has 

relied heavily on previous work (.89). 

Fig. 4-18 shows the various intermediates and reaction 
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pathways which were investigated. In reference to Fig. 4-18 

reaction 1 is the reaction of ammonia with 2, 4-pentanedione,• 

Reaction 2 is the condensation of two moles of iminodione 
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with one mole of forma1dehyde to form the fluorescent 1utidine 
, 

product. Reaction 3 is the re~ction of formaldehyde with 

2,4-pentanedione to form the bis-methy1e~edione. Reaction 4 

is the bis-methylenedione reacting with arnmonia to forrn the 

1utidine chromophore. 

In order to show that each reaction cou1d occur under 
. 

conditions of the analytica1 assay (i.e. conditions of the_ 

Nash reagent) the interrnediates II and III were synthesized 

using conditions sirnilar to those found in the Nash reaction. 

These we~e then shown to react further ta give the lutidine 

chromophore. Fo11owing this, an h.p.1.c. method was developed 

to quantitate simu1taneously compounds II-IV and this 

procedure was used/~o further investigate the reactions 

invo1ved in the Nash procedure. 

The study of the Sawicki and Carnes reagen~ (64) 

paral1e1ed the study of the Nash reagent and an identical 

r exper~mental approach was taken. Thus, reactions 5-9 in 

Fig. 4-19 wer~ inv~stigated as possible pathways for the 

Sawicki reaction by both synthetic and chromatographie means. 

Reaction 5 is the reaction of dimedone with ammonia 

to forrn the-endogenous iminodione mentioned in the pre1iminary 

study. Reaction 6 -is the condensation of two iminodiones 

I-
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with formaldehyde to form the compound referred to as the 

bis- iminodione. Reaction 7 is the acid catalyzed ring 
. 
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closure of the bis~iminodione to forro the fluorescent product 

of the Sawicki and' Carnes reaction, here called the acridine-

dione. Reaction 8 is the classical reactipn of Vorlander, 

historically used for the gravimetric analysis of formaldeh~de • 
. 

The produc~, bis- (4, 4-dimethyl-~ ,6-dioxôcyc1ohexyl}methane, 

is also known as aldone. Reaction 9 is the reaction of aldone 

and ammonia to forro the acridinedione chrornophore of the 

Sawicki reaction. 

These, reactions hav~, been partly<.described in various 
, 

Rlaces in the literature (see synthetic procedures, below).-
\ 

-:..,. None of the reactions have been previôusly discussed with . " . 
refere~ée to the reagent of Sawicki and Carnes,nor with . .../' 
reference to the original reactions of vorlande~r. 

The comparison of the Nash and Sawicki reactions 

was done by referring to sorne studies on the pH dependency 
.' • .1 . , 

of the reagents 1 reaction ra tes. Th1se are also reported. 

/' " 
-~ . 

\ .,. ~3.1 Exper irnental 
, 

Synthetic procedures 

Compound 1: 2, 4-pentanedione was investigated as 

rnentioned in the introduction. 

. Compound II: 4-amino-3-penten-2.-one (Fluoral-P in 
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the reagent farm). Twenty mL of 2,4-pentanedione in 50 mL 

of 4 M amnioniwn acetate, pH 5.5, was heated ta 80°C for 3' h, 
, 
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extracted inta ch1oroform and vacuwn distilled (bulb-to-bulb, 

5 mm, 64°C) ta give a clear viscous liquid whi,ph salidified 
i" 

upon coaling (yie1d 32%, 5.66 gi m.p. 45°'c..i recrystal1ized 

from etbyl acetate: petroleum ether). Structural assignment 

was based on chernical (conversion of II to IV with formaldehyde) 

and spectral data (n.m. r. : 1 
H200MHZ' D-<;.h1orofarm; ô 2.75 (3), 

2.87 (3),5.87 (2),8.10 (I), aU singletsi m.s.: -99.0674-

C.sH9NOi Lr.: ch1oroformi 3500 (s), 3120-3440 (b), 3290 (s), 

1624 (5), 1597 (s)~l, and micrbanalysis C 61.03 (60.61), 

H 9.30 (9.09), N 1,4.38 (14.31), theoretica1 in parel1.theses. 
"-

This compound was also synthesized on large scale 

(kg) by an alternative route modified 'from the literature 

(86). This involved adding co1d anunonium hydroxide ta cQld 

2,4-pentanedione wi th stirring until no more ammonium 2,4-

pentanedionate formed. The large amounts of heat given off 

required that the anutlonia was added very slowly and wi th 

constant' coo1ing in icel' The ammonium 2,4'-pentanedionate 

was next stirred for 4 h at raom temperature. The reaction 

mixture was then extracted three times wi th ether and the 

'recrystallized (fram cold ether) 4-amino-3-penten-2-one was 

recovered in 70-80% yield, m.p. ~5°C. The reç:rystët:llized '. 

product was sui table' for use as a reagent but vacuum 
o , 

-, 
sublimation at room temperature was found to be useful when 

-
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_~ • J 

:' 
• 0 

sensitive de~erminations were,required. 

Compound III: 3,3'-methylene-bis-{2,4-pentanedione). 
. 

To ,1. mL of 2.,4"'pentanedione lin 20 mL 'of 99% methanol: 1% 
. 

acetic, aeïd was added 4: mL of 37% formaldehyde. After 10 ~ min 

of stirri~g and evaporatLo~, a white crystalline mass was 
, ' 

isplated; this was reerys,tal1ized from ethy1 acetate (yield 

89,\, 0.923 g; m. p. 140-14iOC). Structural assigrunent was 
. 

'~ased on e~emical (conversion of III to IV'with addition of 
~ / 

/ 

ammonium aeetate) and spectral data (i.r.; 3200636~O (b), 

1695 (s); n.m.r.: ô 1.3 (3), 2.2 (3),2.6 (1),3.6 (2), all 
" 

sing1ets; m. s. 212,' 150, 112, 109, 43 (basef).. The melting 

point data indieate that the di-intramolecular hydrogen-

bonded species was iso1ated sinee the free and mono-intra-

, , mo1ecular hydrogen-bonded species have already been assigned 

different me1~ing points (90)'. 

Compound IV: 3,S-diacetyl-l ,4-dihydro-2', 6-1utidine. 

The method of Erikson and BiggS (87) was used. A1so, II was 

e~pIoyed by reaetion of formaldehyde in pH 2.25 phosphate 
, 1 0 

,J 

buffer or III with IÎiolar anunonium aeetat.e, pH 6.0, after 30 min 

of stirring. AlI products were recrystallized from methano1( . 
,. m.p. 204-205°, 'c.f. _200° (63) pr 201-205° (87), with. yields , 

greater than 90%. 

Compound yI: ~~ 5-:,dimethy1-3-aminocy~ohex(-2-en-,~-one. 

The me'thod of 'Greenhill (88) was used. (yield 81%) as weIl as 
1 "', • - • < 

a method sirni~r to ·that deserib~d for II (yield 27%, m.p • 
• 
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166.5-167°, c.f. 164-165° (88». 
; 
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Compound VII: _2,2' -methy1ene-bis- (5, 5-dimethyl-3::-

aminocyc1on~x-2-en-1-one). Th~ method of Greenhi11 (SS) was 
~I tl .. 

used. I~ addition, this compound was iso1ated whenever 

attempts were made to convert VI, to IX by the rap~d addition 

of forma1dehyde (m.p. 241-242°, c.~. 242° (88». 

Compound VIII: Bis-(4,4-dirnethyl-2,6-dioxocyclohexy1) 

methane. The method of .Horning and Horning (91) was .used 

(yie1d 95%). A1so this product l'as iso1ated when following 

" the synthetic method of Sawicki and Carnes (62) for IX 

, 

forma1dehyde is added at a. rate faster th an dropwise (m. p. 

191-191.5°, c.f. 189-190° (92), 191-191.5° (91»". 

Compound IX: 
l 

3,3,6-, 6-tetramethy1-1,2, 3,4,5,6,7,8,9,10-
• • J 

decahydr..o-1, 8-acridinedione. The method of ;:;awicki and 

Carnes' (64) was used and the product was recrysta11ized 

from acetone (yie1d 10%; rn.p. 29~-301°, c.f. 296-297° 193». 

Aiso IX was sy~thesized by heating VIII in 2 M.ammonium 

acetate (pH 5.5) for 3 h at 80 oC or directly from VI .or'" VII 

by modifying ·the alternate method for VII to inelude over

night heating at SO°C .... 

Chromatography studies 

The chromatographie assay usedthe equipment described 

in Chapter II exeept that the normal rather than reversed-

phase mode was used. The following candi tians were adhered to:- , 

, 
, ' 
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Nash Reagent 

Mobile phase: Ethyl acetate:petroleum ether:acetic acid 

(59:40:1, v/v/v). 

Column: Waters u-Porasil (Waters Associates, Milford, Conn.). 

FIow rate: 2 mL min -1 _ 

.. l Detector settings: 254, 285 or 410nm .. 

Injection volumes: 25 llL. 

Standard concentration ranges: -9 -6 -1 10 -10 mOles-injection • 

Temperature: ambient_ 

Sawicki Reagent' 
" 

Mobi le phase: Ethyl aceta te c petrqleum e'ther: methanol 

(60:40:0.5 v/v/~)_ 

Detector settings: 254 and 397 nm. 

Standard concentration Fanges: 2 x<10-9 to 2 x 10-8 mole

injection -1. 
o 

AlI other conditions as with the Nash Reagent. 

pH studies 

The pH dependency of the reactio~ rate of both 

reagentso for formaldehyde was investigated. 
') 

For the reagents, the pH range from 4.3 to Il.3 

was investigated by adjusting 1.0 M ammonium acetate to the 

desired pH using either acetic acid or ammonium hydroxide. 
-2 \ 

The reactions were initiated by ad~ition of 100 ~L 1.2 x 10 M 

/ 

1 
! 

• 1 

-1 



~--_._- -----

l ' .. " .. 

1 

1 
, 

148 

forma1dehyde to 2.1 mL 9.5 x 10-4 M 2, 4.-pentanedione or . 
dimedone in 1 M ammonium acetate solution (23°C). The reaction 

was rnonitored by fluorescence at their characteristic 

excitation and emission wave1engths. Initial rates were 

measured for each pH run and rèported in relative units as 

the rnean of triplicate d'eterrninations~ The rates were 

corrected for differences in fluorescence intensity as a 

function-of pH as shown in Fig. 4-20. The rates were normalized 

'" \SUCh that the maximum rate was given a value of 1.00. 

The relative reaction rate dependence on pH between 
\\. 

compound II or VI and formaldehyde was investigated and 
, .f 

reported in a similar manner. Thus, initial rates were 

corrected for the difference. in fluorescence of the chromo-

phores as a function of pH and reported as normalized to a 

maximum of 1.00. The reaction conditions were to 1.0 mL of 

4.4 x 10-3 M II or VI in methanol was added 1.0 mL of 0.25 M 

phosphate buffer (sodiwn salt in the pH range" of 2-9) and 

after mixing, and incubation for 5 min at 25°C, 1.0 mL of 

6.0 x 10-2 M forma1dehy(ie in rnethanol was added·. Methanol 

.. / was used as the solvent ta decrease the hydrolysis of the 

iminodiones (94). 

The investigation ·of reaction 10 was carried out by 

pre-incubating' (either 5 or 30 min) a mixture of 0.1 M .. 
2,4-pentanedione (1 ~ in methanol) and molar ammonium 

-.' 
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acetate (2 mL at pH 5.5) at 22°C and then adding ta this 1 mL

of 1.26 x 10-2 M forma1dehyde. Samp1es were introduced 

direct1y from the reaetion mixture into the chromatographie 

system at the tirnes indieated in Fig. 4-21. 

Investigation of the reagent of Sawicki and Carnes 

was carried out under'conditions simi1ar to that used for 

the Nash reagent except that the reagent concentrations were 

s1ight1y changed and involved 1 mL of .1 M forrnaldehyde, 

1 mL of 2.0 M ammonium aeetate, pH 5. S, and 1 mL of 1. 0 M 

'dimedone in methanol. Pre-incubation was carried out for 

5 min and after addition of for~a1dehyde a white precipitate 

(compound VIII) formed and disso1ved during the course of 

the investigation. 

The conversion of VI ta IX was studied using 25 ~~ 

of 1.0 x 10-3 M'VI in methano1 added ta 1 mL of 1.24 x 10-1 M 

forrna1dehyde and 1 mL of a 0.5 M phosphate buffer r pH 2.25. 

The mixture was incubated at 22°C and assayed after 1 h. 

4.3.3.2 Results and discus~ion 

One of.the--ma-lfi features of the reagents is the 

difference in fluorescence efficiency of their products IV 

versus IX as shown in ,Fig. 4-22. Since the excitation and 

ernission spectra of the two compounds are fair1x sirni1ar 

(Fig. 4-23) the response of the f1uorometer can be assumed to 
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be approximately the sarne for both compounds and the 

dÜferenc~ in quantum efficiency is süch that IX is seventy 

times more fluorescent than compound IV. 

The study on pH versus reaction rate gave the 

153 

results presented in Fig; 4-24 for the reactions of II or III 

with formaldehyde. Figs. 4-25 and 4·26, are results for the 
~-

Nash or sawirk~/r?g:ëIi't-,.,;=~rctivelY, over the pH range 
, 'v------

5.0-8 .• 0 .. ~lso, hydrolysis data for compound II has been 
"-

taken from a study on the subject (94), normalized so that 
,. 1 

the maximum reported rate was given the value 1.QO, and 

plotted along with the reaction data in Fig. 4-25. 

Unfortunately, no hydrolysis data for compoun~ VI have been 

reported; however, inspection of the results of ~he source of 

the data on II (94) indicates that the hydrolysis of VI should 

be similar to II. 

The chromatographie retention data are reported in 

k' units in Table 4-7. A typical chromatogram of tpe Nash 

reagent constituents is shown in Fig. 4-27 as an aid to 

those interested in determining formaldehyde in complex 

reaction or environmental samples. Due to the complexity of 

the reaction mixture, the separation of the Sawicki products 

was more'involved than for the Nash reaction system. However, 

thin-layer chromatography (retention data shown in Fig. 4-28, 
" 

using silica 9l~~s backed plates) enabled direct extrapolation 

to the h.p.l.c. system; a representative chromatogram is 
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Table 4-7: Chromatographie retention data for the intermediates 

'and products of th~ Nash and Sawicki reagent~. 

Compound k ' 

II 2.3 
.. 

III 1.4 

IV 3.2 

V 3.0 

VI 6.0 

VII ""1> 2.0 

VIII 0.0 

IX 1.5 
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shown in Fig. 4-29. Note that dual wavelength detection was 

used because VII and IX were not fully resolv\d. . ' 

The h.p.l. c. assay system,_ indicated that in the 

Nash method the formation of II''occurred in situ. Thus, as 

can be seen from Fig'. 4- 21 compound II was already present 
ri 
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at time t = 0 due to the 5 mi~ pr~l?inCUbatiort of 2,4-pentane-

dione with ammonium acetate. Upon addition of forma~dehyde 

there was a decrease in the concentration of ,II ana the . 
T 

appearance and increase in the concentration of IV to a 
(~j 

steady state. This confirms the P7e1'1V'inary thin-layer 

chromatog'raphy studies. Fl.'g. 4-24 shows a d~plicate experiment 
t, -

in which the 2,4-pentanedione was pr~-incubated with ammonium 

acetate for 30 min. ·Greater·concen~~tions of II and a 

faster rate of formation of IV were noted. The results for" 

the Sawicki reagent study indicated that compound VIII was 
'-

formed immediately upon addition of formaldehyde tothe 

Sawicki reage~t and then with further incubation the 

acridinedione chromophore (IX) formed, No other reaction 

intermediates.were detected. Upon condensation-with 

formaldehyde, compound VI formed the bi's-iminodione {VII)1~ 
1 

and tHen the final product IX was detected. 
\ 

" One of t~e interestinq aspects of the two reagents 

studied was ~he recommendation given in the lit~~ature for 
d 

q 

their pr~paratipn and storage. A general discussion of this 

and the re'sults given in • the previous seétions is now possible • • 
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In Nash's original communication (63) he describes 

the.shi~t of the "first-ultraviolet absorption, band" which 

stabiIi~ed 2:/1 h aftei the reagent was made at a position 
r, :: 
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approximately 18' niu higher in wavelength. 'rhis bathochromic 

1 shift of the ,ammonium acetate shoulder can be attributed ta 

,) 

the formation of '~ompoun~ II in solution O'max = 2'71 ~ 7 nrn, 

l~g a =: 3.43). Nash shows further that the reaction rate for 
, , 

the' con.d~nsàtion: rea~tion (he ass,umed first-order conditions), 

when me'a~ured' for a l;:"day-old reagent, gave during the course 

'of the reaction' two distinctiv~ rate constànts. The initial' 

'rate was very fast r~lative to the second 'and the inf1ection 
, , -, 

point between the "two rates was, with respect to the degree 
<1 

of reactiq~~ the sarne at temperatures 50 and 37 DC. This 

was the first.and last detai1ed study' of· the reagent but the , . 
~~tessary data'to predictt tha~'the irninod1one was th~ àctive, 

reagênt in the Nash .reagent were ~hown in'" this èont;:ibution .. 

Th'a f;orIl\iition of- the irnino~one explai~s the ,many different 

J 
" 

.. , 

re~ommendat~ons given in ,the liter~tute for the preparation 
i' . . 

atld ,st~rage ?f the. ,reagent.. . The slow but I?rogressive 
" 

formation of ,the, iminodione durin~ the course.of an experiment 

must c~rtainly ha~e given non~reproducible<results. 
• ,. J (J 

~he reagent of Sawick~ and Carnes ~64) was a~so 

.-., inte:r;estingly, desèribed "d.th respect to preparation. When " 

cyclohexanedione w~s_used, as the 1,3~diketone, Sawicki an~ \ 

Carnes re.commended allowing the reagent to stand overnigbt 

c' 

,c i 
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before using •. The reagent, when prepared. wi;\:.h dimè5;ione was, 
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on the other hand, reported to he stabl~ for'only six hours ~ 
r. 

after preparation. This advice is very diffi~~t to 
j 

rationa1ize when one considers that the chemistry of these 

two compounds was found to he a~ost identical throughout 

this study. The main differences were that cyclohexanedione 

was found to be re1ative1y heat sensitive (and is supp1fed 

as stabilized with 3% NaCl",' recrysta11ized from toluene 

and stored at -20~C'in these studies) whi1e dimedone was 

found to be stable to heating ~p to 80°C. Spectroscopie 

studies and molecular models of dimedone '(95) and cyclO

hexanedione indicat~d that sorne st~ric effects of the 5-methyl 

groups of dimedone·decreas:lts reactivity.' This was found 

to he the ca~e in that when preparing the iminodione of 

dimedone the reaction was run at 80°C for up to 16 h whi,le 

for cyelohexanedione the conditions were milder (22°C) and 

the reaetion w~s eompleted in approximately' 12 h. No 

~ explan,ation can be given for the recommendations given by 

Sawicki and~Carnes. 

The reagènt of Sawicki and .ca~nes is very similar 

to the Nash reagent but because of the slower reaction.of . 
ammonia with dimedone relative to 2,4-pentanedione, the 

reaction of the former reagent with formaldehyde proceeds 

through the biS-Methylene derivat~ve VIII and thus through 
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reactions 8 and 9. Since the reagent involving cyclohexane

d~ofie was recommended by Sawicki and Carnes to be allowed to 

stand overnight before use, the reaction in this case would 

most likely proceed though the iminodione of cyclohexanedione 

(i.e. reactions 5-7). The actual pathways,that are followed 

in the Sawicki and Carnes reagent depend on the history of 

the reagen t. 

No conditions were found for making a reagent based 
-, . 

on the cyclic iminodiones. and this was attributed to a variety 
\ 

of reasons. The pH profile for the reàction of 'the Sawicki 

reagent with forrnaldehyde~ (Fig. 4-17) was found to coincide 

witn the general stability of t~e iminodiones ~eported in 

the literature t94). To further complicate the ,situation', 

the intermediate VII was found to be stable and easily 

~solated. Thus while much data could he gathered for reactions 

involving the,cyclic iminodiones with high concentrations 
. 

of formaldehyde, low conc~ntrations of formaldehyde and the 

resulting slower condensation rates gave no measurable 

product IX. 

The advantages of using a reagent consisting of the 

iminodione rather ~an the original l,3-diketone-ammQnium 

acetate mixture are: 

1) the iminodi9nes cao he isolated and purified to . 

give a reagent with very low baCKground thus gre'ater 

sensit,ivity, 

.. - , 
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.. ' 
2) the rea~tion between reagent an~ forrnaldehyde cart 

be run at thè pH most suited for rapid reaçtion (1ow pH) and 

thus greater reaction rates and decreased anaiysis time are 

seen, and 
~ 

3) eliminating ammonium acetate from the feagent a'ids 

in the rnixi~ of the·reagent with a moving stream in a 

continuous f10w reac€or. 

The iminodione of the Nash reagent was shown to be 

formed in situ under the conditions of its use and was 
~, 

investigated in-'more detail. .. By using the iminodione at the 

pH where the fastest reaction occurs with forma1dehyde, (pH 
'; 

2.3), a reagent was developed that had remarkable reactivity. 

The rate of hydrolysis versus pH profile (Fig. 4-25) was 

found to coincide in an" inverse relationship with the maximum . , 

of the reaction pr'ofile for the, Nash reagent. The 'reason 
/ 

for this is evident from the data on the reaction of imino-

dione II wlth formaldehyde. It is reasonable to assume that 

by virtue of the fact that a reagent based on the iminodione 

II was developed that could be used a~ pH 2.3, Xhe rate of 

hydrolys~s of the iminodione is slow relative to the re~ction: .. 

of the iminodione with forrnaldehyde. This hydrolYpis of ~I, 

however, means.that in order to use the reagent under conditions 

of its fastest reaction rate, prior adjustment of the sample 

to a low pH is required. This was the only limitation' 

found for t~ reagent. 
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The rest of this section will be devoted to reporting 

the characteristics and use of the reagent based on II. 

This reagent is referred to as Fluoral-P. 

4.3.4 Characterization of Fluoral-P as a Reagent for 

Aldehydes and Specifically Formaldehyde 

Introduction' 

4-Amino-3-penten-2-one, which we shall calI Fluoral-!' .. 

in the reagent form, has been utilized .previously as a 

synthetic int~rmediate (96,97), ~ complexing agent for metals 

(9B), and a model 90mpound for investigating imine-enamine .. 
equilibrium (99). Here it is investigated for use as an 

aldehyde reagent. 

4.3.4.1 Experimental 

The Fluoral-P reagent was made by dissolving 1.8 9 

of 4-arnino-3-penten-2-9ne (sublimated) in 100 mL of aceto

nitrile to give a 0.18 M Fluoral-P reagent • .,..,['his solution 

,was stored refrigerated in ~ amber bott~e. 
, .. 1 • t 

The reagent was characterized !ls 'ch;omophore-produc;ncj '. 

by studying· (i) its long~term st~~li.tY·i· (ii) its .g~nerâl 
.' . 

" . 
re'activity and sJ!tectivity, and (iii) its absorbance and 

.. t ...... ~ ( , 

fluorescené~ response. to" a range 9f formaldehy.~e· con-~èntrations: 

S:tability studtÏ.es on. Flttora'l-P solut·.tons· were 
- b' 

." 

..... 3· • 
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conducted-in three ways. Initial reaction ra~es ~ere rneasured 

for different ages of Fluoral-P solutions in a manner 

identical ta, the pH studies., The reagent was analyzed . 
directly using gas chromatography (OV-lOI, lOO-200°C, 15°C 

min-l, ~ID) when made up in distilled water, 0.1 M phosphate 

buffer (pH 2.25), and acetonitrile. The background fluorescence 

and absorbance were noted for different batches of reagent 

made up in different sol vents. 

The reactivity' of Fluoral-P to various compounds 

was detenmined in a series of test tube expe~iments. To one 

drop of the compound under study, on~ drop of Fluoral-P 

reagent, One drop ot 0.5 M phosphate buffer (pH 2.25) and a 

small amount of acetone (ta aid miscibility) was. added. f 

Qualitative evaluation of reactivity was based on either a 

positive or negative response. positive responses were ' 

subdivided into instantaneous reaction at room tempe rature 

(fast) 1 reaction in less than 1 min (moderate) and those which 

took longer than 1 min to react (slow). In aIl cases the 

Fluoral-P derivatives wer~ yellow in c~lor and gave crystallfne 

products. 

The linear dynamic range of the reaction between 

Fluoral-P' and formaldehyde 'was determined by measuring the 
. , 
fluorescence and absorDance of the reaction mixture as a 

function of ~ormaldahyde con~entration. This,was accornplished 

by,reacting 1.0 mL of the appropriate aqueou~·formaldehyde 

•• 7 
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,. 

stan'dard (Appendix 4B) with 2.0 mL of 0.125 M phosphate buffer 

(pH 4.0) and 100 1Jt~-Of Fluoral-P reagent in acetonitrile. 

Fluorescence and absorbànce measurements were made between 5 

and 30'min of mixing of solution; however, the lutidine 

product was stable in solution for many hours. 

The lower limit of detection of this reagent was 

investigated using a continuous-flow system based on the 

concepts of flow-injection ana1ysis ..k19). The hardwaJ;e used 

i:îÎ. the analysis system involved two Waters 6000A solvent 

delivery systems (Waters Associates, Waltham, Mass.) and a 

Wa·ters U6K sample injector. The reactor was constructed of 

1/16" stainless steel 316 tubing w~th I.D. measured as 1.0 mm. 

Reagents from the two pumps were mixed in a 1/16" tee co connector 

(Swagelokr ) just prior to the in je ct or. Sample volumes of 

25 pL were added to the analyzer stream. Thé Spectroflow . 1 

monitor SF 770 (set at 410 nm, 0.4 AUFSD) and FS970 L.\: .. 

F1uorimeter (excitation 410 nm, emission 470+550 eut-off 
• • 

filters) were connected in series' to the exit of the .reëfctor . 

delay tubing. ,T,he ~uoral-p reagent was added th-roug? one 
.... 

purnp with 0.125 M phosphoric acid through the other r The 

reactor was run at room temperature, 20°C. Both pumps were 

operated at 0.5 mL/minute: total delay time to the ,fluori-

meter was 70 sec. 

Since the lower concentration range of forrqaldehyde 

was of interest, formaldehyde concentrationS between 1.0 x 10-3 
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and 1. 0 x 10-5 M were used. Absolute am'6\1nts of formaldehyde 
8 \ 9 

injected corresponded to 2.5 x 10- to 1.25~ 10- moles. 

One application of this analysis sys).--em was to . \ , 

investigate form~ldehyde concentrations in the sol vents and 
\ 

water used during the course of thesé studies. This was done 

by injecting 25 'Ill of~s~ivent of interest taken from 

four separate containers., These results are rèported as an 
f.!!.) 

,application of the reagent in automated analysis. 

4. 3. 4.2 Resu1 ts and d,iscussion 

The disèussion presented here will be directed toward 

the use of this reagent in an automated chemical reactor. 

pH Dependéncy 
, . ' 

One- of the more interesting and important aspects ~of 

- ~this reagent is the pH dependency of its rea'ction with 

formaldehyde. In Fig. 4-24 was shown the relative reaction 
l , 

rate fÇfr the production of the 1utidine product as a function 

of ,pH. This' pH depend~y must be. described as sharp. 

Optimum reaction condi t.ions for using this reagent in 
_ 1 

continuous f1ew analysis would try to favor a fast reaction 
• . 

between Fluor~l-P and forma1dehyde. 
\ 

Thus the reagent must be 

used .in the pH range of 2.0 to 2.5. AIse, because of 

hydrolysis of 4-amino-3-pe~ten-2-6ne, a continuous flow 
, ~ 

system which utilizes\. the F1uoral-P reaqent mqst càntain at 

\ 

\) 
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least two channels, one for the reagent and the other for 
r 

acidic buffer. 

Stability of Fluoral-P 

The hydrolysis of en~ in acidic media has 
~' 

been described elsewhére (94), when Fluoral-P reagent was 

made up in aqueous pH 2.25, 0.1 M-phosphate'buffer, no color 

'development was found ·after 1 h. C10ser examination with 

--gas chx-omatography showed that 4-amino-3-penten-2-one w'as 
... : ~:. .. 

hydrolyzed to 2, 4-pen taned~one wi thin . 1'5 min, was stable in 

neutral aqueous solution for at least 1 h, and, based on 

,fluorescence and absorbance measurements, was s~~le for 

at least one rnonth in acetonitrile. ,ft is conçlpded' that 
'. 

acetonitrile is the solvent of ~hoicé for preparing this 

reagent. 

~eactivity and selectivity of Fluoral-~ 

The general reactiv~ty of Fluoral-P was evaluated as 
~ 

described in the Experimental Section: ' AlI reactions which 

were positive gave a yellow product. 
~ 

in Table 4-8. 

ThEh.results ar.e g.\.ven 
! 

'" 

c ~ ~ong aIl the compou d~ tested, the rea9'ent con4ens,e~ 

fastest with formaldehyde. It should be noted that only-the , 
" 

product from the formaldehyde, r action is expected to give 

- ...' ;ppreCiable fluores,cence (63). ~us', ~hile the reaqent 

reacts generally with aldehy?e~, sçme selectivity for 
'\0 \ t 

by using- fluorescence r~+her than \ . c· , " form~ldehy?e"is possible 

) l' 
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Table 4-8: Resul ts of spot tests ~ween Fluoral-P and sorne 

cornrnon chemicals. 

Compounds( which r~aët fast 

Formaldehyde 

, Acetaldehyde ..' 

Pllopanol 

Pentanéll 

3-Methylbutanal 

He~anal'i!! 

OC;;tana:l \t 
Nonanal 

Decanal 

Hendecanal 

Dodecanal 

Tridec~al 

Tetradecanal 

Benzaldéhyde 

Moderate 

Anisaldehyde 

/" Cinnama~ldehyde 

~~enylpropionalde~yde 

,HY9rocinnamic aldehyde' 

/ -Slow -
Cuminaldehyde 

, 0 

l sobutyraldehyde 

1 ~ ,,-

\ . 

Çompounds which do not react 

Ethyl methyl ketone 
'" 

Acetic anhydride 

Ethyl acetate 

Ethylene glycol 

!,!-Dimethylaniline 

o-Nitrotoluene 

l,l,l-Trichloroethane 

Formic acid 

, . 

2 , 4~PentaIiedione ':;/ 

,~,~-Dimethylacetamide, 

Triethylamine 

Acetone 

Phenyl isocyanate 

1 ' 
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Linearity and ana1ytica11y use fuI range of F1uoral-P . 
for reaction with forrnaldehyde 

This aspect of Fluoral-P was expected to be very 

sirnilar to that for the Nash reagènt except in the lower 

concentration r.egion where Fluoral-P, due to lowe~ background, 

was expected to be a more sensitive reagent. The absorbance 
- - - - '1\ 

(410 nm) and fluorescence (excitation 410 nrn, emission S10 nrn)' 

versus concentration of formaldehyde plots ware 1inear over 

th~~ange of 10-3 to 10-6 M (abso~bance:' y = 3.15 c± 0.360) 

x 102 x + 0.541 (± 0.176 x 10-1); f1uore~cence: y = 9.33 

C± 0.547) x 1~3 x + 0.281 (± 1.18). Slopes and intercept~ 
\ 

are given ± S.O.). Depending on ,the method of samp1e pre-

treatment and handling emp1oyed, determination~ can thus 
-

be made in terms of âbsolute amounts of fqrrna1dehyde in the 

nanomo1ar range. This is shawn to be the case in th~ next 

section. 

Lower lirnit of detection for ~orma1dehyde with Fluoral-P 

The lower limit of detection for formaldehyde, using 

the ~low-injection analysis system~ gave th~ data shown in 

Fig. 4-30. The dif~erence in the two spectrophotarnetric 
, . ' 

parameters monitored, 'absorbance and fluorescence, can be 

more fu11y appreciated by ~xamin~ng the signal-to-noise 
. , 

ratio (SNR) against the amoun~ of formaldehyde injected 

(Fig. 4:: .. 30). The signal is taken as the D\ean peak height from 

1 
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at least zour injections into the analyzer whil~ noise is 

taken as the standard deviation about'the mean. The 
\v 

corre.lation coefficient asstming' a linear relationship· is 

-0.497 for absorbance and 0.14 for fluorescence. Using 

171 

-absorbance detecti.on, the concentration dmge 9ver which this 
,~ 

experimimt was cpnducted is seen to fival the detecti,on limit 

of the analyzer. 
, ') 

Thus in this concentration range the system , 

. is baseline noise limited. 
, 

On the other hand fluorescence 

detection shows 's~me correlation between SNR and signal and 
.: 01:1 

much greater SNR values thâh ,for absorbance. Fluorescence 

detection is not limi ~ed by :baseline noise above about 3 ng 

of injected formaldehyde.· Thil? is reflected Dy the fact that 

the relatLve'standard deviati~n of fluorescencem~asurements 

above 3. ng is on thetr average, 0.88% while below this lèvel it 

average~e3.8~. While this is a limited noise analysis study 
• l' .." 

and ls certainly system dependent, formaldehyde levels in th. 

low nanomol 'per injection range can he ln~asured using 

Fluoral~P and the flow i~je~tion system employed here. 
.. ! '" v 

This detection 11mit can be, improved since the 
, " 

system is ,bas~line noise limited and 'thus Iimit~d by the 

backgrqund fluorescence of" the entire a~alysis system. For 
.. 

in,stance, measurements of the amount o.f formaldehyde in sol vents 

commonly used in this labora~ory ar~ s~arized in Table 4-9: 

These data s~ow relative~yphi9h leveis of:fGrmaldehyde 

,contamination. Other imp'roveme'~ts', can ·be made on~the en'é.ire~ .. 
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Table 4-9: Formaldehyde content, of sorne solvents used 

this laboratory 

. 
\ 

.<1,. 

so~ 
/ 

Ace ton i tri l.e 

2-Propanol 

il> 

Methanol 

Acetone ( 

" 

nmole For.maldehyde 
per ~5 ~L injection~-

'9.6 ± 1. 4 

6.1 ± 0.2 

<Ii 

'8.3 :1:-1.8 

25.4 :f: 4.1 , 

* Mean ± S.]). for four detèrminations. 

f 

./ 

1 " 

\ . 
! • 

-/ " , 

3.8 ± 0.56 

2.4 ± 0 .. 08 

3.3 :E 0.72 

.' / 

10.2 ±'" 0.16 
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, 
analyzer system which was made from available hardware and ~as 

~ -
n'ct bptimized for this appli'cation. 

4.3.5 'The Chemistry of the Post-Column Reactor, Stage II 
\ 

and III 

periodate oxidation of organic compounds is normally 

considered a selective process involvin,g 1,2-diols. General 
~~ 

reviews'en the use of periédate (100-104) indicate €bat 

direct analytical usage i5 limited te a few cases (105 ,;l06) , 

and the reagent is mainly used for' synthe tic work or structural 

coneirmation. 

Periodate is used here for selective oxidation of 
------ ~-----------

glycerol and l-g~erOl-~ The oxidation of glycerol 
, . 

is weIl known and ox~ of l-glycerol phosphate over the 

------2-positiona-r- fsomer was one of the earliest uses of periodate 

for structural confirmation (107). Periodate oxidation is 

not limited to these: Itwo compounds or diols in general. The 

lack of specifd.ci ty of the reagent was, inv~stigated by 

Fleury and Boisson (108-110) and sprinson and Chargaff (Ill). 

Specî~icity for l,2-diol~ i8 lost above 50°C and is greatest 

Non~se1ective oxidation with periodate is also seen 

\ with dimedone, 1,3-cyc1ohexanedio~e (112) and to a 1esser 
, \. . l 

extent 2,4-pentanedione (113). Furthermore, oxidation of 

.. ",,' """,. 
.,.. j • n"u .... nIF ".t' 

-~ 
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lU'l:7idine has necessitated use of sodium arsenite or rhamnose 

to eliminate exaess periodat~ in the manual and automated 

methods u~ing the Nash reagent (48,50,114,115). The phosphate , . 
catalyzed over-oxidation of sugars is not seen for glycerol 

phosphate (116,1l7). 

The structural features (118) and conditions for 

periodate use' indicate oxidation occurs over the pH range 

1-11 (4-5 optimum) i~ aqueous, methano1ic, ethanolic and acetic 

acid so1uti~s (11~,120) • 
. , 

The 'oxidation stage of the reactor (stage II) 

traditionally utilizes p~riodate as the ox1a.izing agent. The 

wide variation in conditions has necessitated sorne experimenta1 

work on the ro1e of this reagênt in the reaction sequence. 

Particu1ar attention was dedicat.ed to the oxidation of 

lutidine by the excess periodate and alternative reactôr 

configuration and ,conditions was investigated. 

,The methods o"f saponification and transesterification 

are widely used today\for the determination of hy~rolyzable 

lipids in conjunction with gas chromatography. Sorne recent 

and complete reviews on esterification procedures for fatty 
" 

acids (121), for gas chromatographie analysis (122), and 
'). 

." ~~ponification~transesterification (l2~) indicat:e that the . \ 

transesterification procedure is faster than the saponification < • 

, ~ , .. 
for "deacylat;ing aeylglycerides (124). In ?lnhydrous sodium 

() 
methoxide solution g1ycerides, phospho1ipids, and wax esters 

J 
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were hydro1y~ed in1ess than 20 sec (124). 
, 

Catalysi~ of transesterif~cation has been 

aceomp1ished,' for examp1e, by borontriflUoride (125) 0, 

175 
r: 

* iJ:l!t~ Cl' 

To remove the orthophosphate from the 1..;.phos,phoglycero1 
-

portion of a phospholipid reguires acid the~olytie c1eavaqe 

(255°C,' 10 min '(c.f. 121, 126-129)') and base hydrolysis :Ls 

\~./ ineffective (130). Saponification does not remove th~ fatty 
/ 

acid frorn the amide of sphingolipids nor long-chain aldehydes 

fram p1asmalogens (131), the latter being"aeid labile (l32) • . 
Deacylation is thus a complex proeess and whether acid or 

base catalysis is used depends on the appli~ation. Acid 

hydrolysis would be preferre9 here sinee' the mobile phases 

used for 'phospholipid elution are usually acid and the step 
~ ~ 

after hydro1ysis involves periodate oxidation in acidic medium • . , 
Thus it was investigated along with saponification and 1inked 

to periodate oxidation. Since periodate can oxidize 

l-phosphog1ycerol, the less ambitious de~cylation,and not 

dephosphorylation,was of interest when investigating phospho-~ 

1ipids. 

The equation of Snyder (section 4.2.1.2) prediets 

the dispersion in the c. f. a. syst,em is a f·unction of the 

experimental parameters encountered in chromatography. The 

effects of tempe rature on dispersion were not included 

di~ectly into the eguation but viscosity, surface tension, 

and DW,2S are all tempe rature dependent physiochemieal 

'" 

\ 

l. 
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,'" 
propèrtie,s. ,Consequently, besides increases in reaction rate, 

i~reas~s in temperature,should affect dispersion of the 

sample bolus. The reIatiGn of temperature to dispersion was 

thus investigated. 

Consideration of pH ,effects on reaction rate 

of Sta~e l was the de,termining factor setting the pH 

of the pe!iodate re~ge~t. Phosphoric, acid was originally 

used to a~just reagent pH but due to precipitation-of phosphate 

salts in the'acetonitrile mobile phase~ perch10ric acid was 

substituted. The effect of changing'perchloric acid 
, 

concentration on the detector response was investigated. 

'. 
,4.3.5.1 Experimenta,l 

\ ,', 

periodate oxidation, stage II 

, l '\ 

The oxidation of 1utid~ne by periodate was ''investigated 
, . 

by ooserving the lutidine equilibriurn concentration during 

the determih~tion of ~ sample of phospholipid, trig1yceride 
, ~ -3 

and forrnaldehyde. Thus, 1.0 x 10 M of L-3-phosphatidy1-

choline distearyl in isopropano1, 5.0 x 10~~ M tristearyl in . , 

-3 isop?=,opanol: and 1.0 x 10 M aqueous .formal~ehyde standard, 

, a10ng wÜ:h~ water and isopr9panol blanks ~. were: used in the 

following reaction sequences: ,r 

i) 0.5 mL standard or blank was incubated for 5 min 

at 60°C following the addition of 0.20 mL of 0.5 • KOH in H20 • 

. , 
fi. 

p' 

'~" \ 
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ii) to this was added O~5 mL of 0.0125 M NaI04 and 

0.5 mL F1uoral-P'rèagent' (0.18 M 4.!amino-3-penten:'2-one in 

acetonitri1e) and the reaction (a~ 60 0 e) was manitored using 

absorba~ce spectrascopy (410 nm). This sequence was repeated 

three times. 

A major concern was the reliability of taking the 

maximum of the conëentra/tion of :U~dine as a value which 

reflects formaldehyde cancentrat~on. "ll 0 see if this approach 
~ - . 

was experimentally sound various concentrations of 1-glycero1 

phosphate .(1. 4-2.9 x 10-4 M) were first incubated at GOoe 

"-for 5 min and then axidi~ed with' periodate for 10 min and 
-~-'- .! 

allowed ta react with Fluoral-P reagent. Color" development 
• 

was monitored (at À4l0 ) and absorbance versus phosphoglycero1 

concentration (measured at 2,min) were reparted. 

Another experiment was designed ta imiestigate the 
~ 

effect of periodate concentration on the oxidation of 

chromophore independent of the formation of the chromopho~e. 

\. This was investigated using a ,ilow analysis system 'identical . 
~ 

. . 
to the ~ystem eventua11y used as the p.c.r. detector. 

Conditions in the reactor were such that the only'variable 
" "! 

was the concentrat,ion of periodate. The experimenta1 system 
~, 

consisted of: 

~) Combining the following reagents at the respective 
~~ 'v 

f10w rates: a) H20 (0.5 ,mL/~in); b) 0.5 N KOH in H20 (0.23 mL/ 

min); c) 0.0125 ta 0.10 M NaI,~4 in 0.125 M phosphoric acid 
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(0.42 mL/min). 

ii) Adding through the final reactor stage 5.8 x 10-6 M 

lutidine in methanol at a rate of 0.42 mL/min.' 
, \ 

The final 'stage had a volume Qf O. 99~ mL which 

corresponded to a de1ay time of 38 sec. 

The reactor manifold was heated to GOoe and the 

effluent stream debubbled and monitored with absorbance and 

fluorescence detectors. 

Another study investigated the effect of temperature 

on the reactor' s response. To the system used ab ove , a 10 llL 

sample of 5 x 10-3 M formaldehyde was injected. Th~ change 

to the above system was that the 5.6 x 10-6 M lutidine in 

methanol was replaced by F1ubral-P reagent. The temperature 

range investigated was 22~60oe. 

In . a study using the same system as wi th the 

-4 ". . temperature study, 9.87 x 10 M phosphatldylchol1.ne 

dipalmitoyl in isopropanol re~laced H20 and was pumped 

c~:mt;in)lously into the c.f.a. (maintained at 600~) and 0.2 M 

NaI04 made up in di~ferent concentrations of perchloric aciè 

(O.I-l.O M) was used for oxidation. The other reagents 

• 

. . 

cons~sted 'pi 0.5 M KOH and 0.16 M Fluoral-P. The steady-state 

response heights (~b,kgr~und increa~es) versus / 

concentration of perchloric acid" in the periodate reagent 

were mea~ured. 
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Deacylation stage III 

The following sarnples: 

J 

'.) 

\ i) l, 3-phosphatidylcho1ine dilinolenoyl (6',.4 x 1'0-3 M) 

.- -3 " 
ii) Trilinolenin (6.89 x 10 ' M) and ,standards 

Hi) Methy1 linolenate (7. 9~ x 10-3 M)' 

iv) Linolenic a~id ,(8.48 x +0-3 M) 

were first separated using ~n h.P.l.C.\ met~od involving an 1 

A1tex C-18, 10 ~m-column (Chapter 2) and a step gradient from 

85 methanolj15 H20;0.1 conc. HJP04 v!v/v switched t9 

after injection. T~e chromatographiJ 

100%." 
" , 

rnethanol 3 min system 

was described in Chapter 2. 
1 • 

The hydrolysis systems and conditions are shown in 

Table 4-10 and were investigated at 60 oC using a Pierce 

React;i-Therm™ Heating module (Pier'Ce Chemical Co., Rockford, 

Ill., 61105) as the in~ubating system. 1 
1 

~.3.5,t Resu1 ts and discussion 

The separation and detection of the lipid standa:çds 

used in the deacylation study is shown in Fig. 4-35. The 

results of the investigation ~re shown in 1 Table 4-11 where 

,the mean of duplicate runs for e?ich hydrolysis system, is ,given. 

This work indicates that acid hydrolysis is too slow 
\ . 

under the conditions employed j:o be of' use in the p.c.r. 

The theonal conditions normal;~ used wi th acid hydrolys~s 
l ' J 

cannot be duplicated in a p.c:r~éJ;[-aase hydrolysis at 60°C 
,lt t. (. ~~ 

, 'i) 
is complete wi thin 10 min and is ithe best methQd. 

/ 
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Table 4-~0: 
l' • 

Surmnary of the experimental coridi tions used ta , , 

1 

2 

3 

4 

5 

6 

7 

8 

2S 

25 

investigate deacylation of, triglycerides and 
l ' , 

• 1 

phospholipide. ' , 1 

, " 

r 
t', 

III IV** Ij\:tr 
" 

50, }.IL*' :n io ]JL 20 pL 

TG 'PC NaOH a3Po4' 
NaIO" 

H2S04 H20 " ' ]120 MeOH 

l , 

x, x x x 

x x x x " 

x x 

x X" X X 

" 
x X X X 

x X X X 

x X X X 

l, 
X X X 

llL ~liquots were taken at 10'1 20 and 30 min quenched with 
" 

llL cold methyl aceta'te ând 'stored at aoc. ,Analysis was 

carried out immediately by inject,ing 10 \.iL,' of quenched reaction 
) 

~ :ixture in,to the HPLC. 

. ' "-\The 50 \.IL of CHC13 in which the sample was dissolv:ed was 

: ' 

. ,\ 

\ 
~ 

" , evaporated and' repl~d with' 5Ô }.IL of methanol before reaction. 
----.J This was easily accomplished because the reaction vlals were 

initially pre-heated to GaGe. ~.;: 

** I. 0:5 N NaOH in 50% MeOH. ' 
II. 0.5 N H3P04 and 0.4 M NaI04 in H20. 

Ill. 0.5 N H2S04 ~n' 50% MeOH. ' 1 C} IV. Distilled H2Q• 
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'" ' , Table 4-11: Summary of the resu1ts' of the experi~ental systems 

in Table 4-10. 

. . \ 
Conditions 1,0 mi't 20 min '30 min 

FA FAME ']X; FA FAME TG FA FAME: TG 

NaOH (1)* 1) 20.7 1.9 19.7 1.1 '19.2 0.4 .' 
.H'~P04 (I~) 3)' 1.9 

.\ u 

~ 

.~2S04 (III) 5) 13.2 

5.7 .4, 

.1 .1 18.5 .4 .2 14.5 
,Ir 

",Çontrol (IV) 7) 14.8 1l.~ ,.;1. 15.7 
1, 
~ , 

PC PC PC 

.NaOH (1) 2) 15.6 17.2 16.2 \-

• j 

, H3P04. ( II) 4) 3-.8 3.7 1.4 

H2S04 (III) 6}' .08 .' .' 
2.6 1.3 - ' 2.7 .4 1. 7 

1.1 C'ontro1 (IV) 8) 4.5 5.'0 

* See Table 4-10 for detai1s. Values are give~ as measured 

peak heights and are thus in relative units. The use of 

standard çurves was. deemed unnecessary bec'àuse these' resu1 t~ 

are interpretab1e without exact quantitation. 
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"", Transesterificat:i-on, which requires anhydrous condi. tions , 
, J.. 1 

is not possible-in the p. c. r. system being developed. The , ~ 

hydrolysif? reagent used for the p.c.r. was 0.5 N KOH made up 

- . in distilled water and' stored in a polypropylene bottle. , -
- For tpe periOdate, oxidation studies, representative 

reaction profiies are shown in Fig. 4-32 where it "is se,en 
. . 

that a maximum ab'sorbance OCGurs wi thin 5 min and then a 
1 

~ decrease in absorbance to a very low level occuts. 

The absbrbance measured (y), versus phosphoglycerol./ 

cc;>ncentration (~) correlated.Ji~~~!y 'with y - ~.;~9 (± .60) x 

10-~ X - 1.23·f 1.01 (y = X ± S.O. '+ y-inte,r ± S.O. Land. 

correlation c'?a.ffidient of = 0.990.1 Data ,is px-esented in 

Fig. 4-33. 
. 

The effects of·varying periodate conce~t~ation are 

shown in Fig. 4-34 as the relative change in the backgro~d . .... 

fluorescehce or élbsorbance versus the initial signal (wh~n 

no per~t>date i5 present) taken as 1.0. The difterence in 
, >. 

tne tw~ profiles can be accounted for by t~e 8-sec delay. ~ 

t-ime (0.21 mL) between the absorbance and fI uore scence detector. 

Significant amounts of lutidine were degraded at periodate 

concentrations greater than 0.02 M and this was taken as 

the highest. acceptable period~te concentration for use in 

the reactor. The reactor design was such that the periodate 

and chromophore developing stages (II and III, respectivelY)cJ 

'" were separate and the periodate stage was optimized to give· 

, . 

" . 
.1 

/ 
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" grea1;er than 95% re'action. 
o 

The de1ay time of the ch.romophore 
' .. 

1 

stage was t,hen made to coinciqe wi th the maximum of the' 

chrornophore profile '(,Fig. 4-32'). 
, u 

Q 

The use of arsenite in an additional stage. of the 

reactor ,was attempted but' abandoned when it was foun'd. that 
o 

the high. concentrations (greater tJïa:n l ~) required for 

reaètion wi th 

phase systems 

periodate were not: at.tainablè in the mobile· 
? 

being tised (c. f. 61) ' .. Sodium ar,seIJite 
o • 0 

• 
precipitate~ from solution when high alcoho1 or acetonitri1e 

concentrations were present--.----A-be.nch-xeaction ~sing rhanl1'lOS~, 

for~i~date scavengi_~g gay_~resu1ts wnich indi~ated '!:?Ô 
~ ___ ~ __ 0 t. 

o 

periodate levels did not decrease osig;-ificantIy. 

Fig. 4-36 shows the. experimental;ly determined 

relationship between band width (W1 / 2 ) and response as a 

function pf temperature. As can boe seen fo.r the c. f'. a. unit 
, 

studied here, WI / 2 decreased while responsé' increased withO 

temperature. Thus increasing temperatur'e generall; aided 

in reducing ba~d wid~ and ôi.rereasin~re·sponse of' 'the, elutIng. 
. ' ff ' " 

sampIe. ~h~ temperature of '60 oe was hosen sinee this was ' 

also the temperÇi.ture used for the cbrornatography. 

The results of~ the pH study are shown in Fig. o 4-37. 
• • D 

Percholoric· acid of 0.3" M was used to pr.epare the periodate 
'" 

./; 

reagent. 
" e.:j):' ,. o. , 

With t.he minimization of backgrollnd and noise in- the" 
o 

system and the choice Qf tempera,ture r pH and coneentratiop of 
; I,.~"'~ " ,-

,. 
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KOH, NaI04 and Fluoral-P, opt~mizatio~ of the various reactor 

st'age~. w)is str'allghtforward and involved application of the 

Stop-Flow Analysis optimization scheme to be prese~ted • 

4. 4 .~ OP,!rlMIZATION ·OF THE POST-COLUMN REACTOR 

, 
4.4.1 Gen~ral Introduction 

Diagnosing and optimizing the reaotion cQndi tions 
~, 

used in the wide1y 'applied methods of continuous"'flow and 
" ~. 

f1ow-in'ection ana~ysis wa,s initia11y found to be'tedious. 

Unfortuna~ely, information pertaining to the theoretica1 

(22,24,33,36,133) and practica1 (134,135) aspeets of these . ,~ 
• two methods w~s of 1itt1e aià in alleviating this'prob1em. 

A few systematic approaches have been taken to 

optimi,ze f1ow-analysis systems. 'The exponent"ial dilution 

technique (136) popul~r in the characterizatiori of gas 

'-chromatographie detectors and residua1 gas analyzers; has 

been app1ied to optimization in c .. f .. a. (137-140). In this 

method a starting levei of the reagents whose concentration 

is to be optimized is either increased (fro~ zero concentration) 

or decr~ased -<from' sorne upper starting concentrption) by th~ 
"-

use of an exponential dilution f1ask (example 141). The 

optimum 'concentration of reagent for the system càn be 

ca1culated from the eharacteristics of the task and the 
~ A 

~ 

response generated •. _ This methCJ:Cl has not been used extensively 

. , 
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because the compl~-2'i ty' of the c. f. a. syste!ll doe,s not allow " 
} , I~ , -

';',,1, -' 
the system to be reduced to being a functiori~;" of cOhcehtr~tion 

of one reagent. A more realistic approach to optimi~ation 
1 

of these systems involved the use of the Simplex 09timizat~on 

method (l42). This method, whi~e simple ~6- u~e, ~as tedi6us 

to execute. An al ternati ve method for opti~rzation Of the 

c.f.a. system was devised. 

4.4.2 The Optimization Scheme, Based on. ~Û\Op-Flow f\aalysis' 

- . 
A new approach to c .l ... a. and f. i. a. optimi'zatiQIl 

was developed specifi6ally' for this ,\f'Ôr'k. It was based on 
( , 1 

( l \ ~ 

the method of Stop-Flow Analysis (142,143), st'opping the flow 

of a c. f • a. or f. i. a.' stream and' following the reac.t~oh 

occurring in the 'detector celle This enables pred~ctions 

on the time required for the last reaction in the analyzer 

to go to completion. However, in most analyzers many 
1 

reaction stages are present 'and wha~ is needed ;s a method 

to evaluate the efficiency of ~ll st~ges simultaneously. 

To do this the stop-flow analysis method was extended. The 

terrn "opt~i-zation" as used here refe'rs to devel9ping a 

reactor manifold which gives performance only achievable with 

much greater, effort if using a random method . 

., 

. In 'order to use Stop-Flow'Analysis (s.f.a.) effectively, 
"~ 

i t was, rationalized that aIl variables in the system should 

~" 
't' : 

\. 
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be reduced to a point where reaction ''delay times in the 
, 1 

manifold delay coi1s were the onlY,manifold variables needing 

attention. This was accompli shed by first applying steps 

1-4 below. These steps ,were concerned 'with limiting dispersion 

and dilution wnile i:nçreasing reaction rates for each 
i man1fold stage. Stop-Flow Anâl~sis was then used to 

de termine the needs of the manifold wi th respect to delay 

times as explained in step 5. The scheme for reducing 

variables was executed as followsf Step, 

1. Optimize reaction tub~ng size and bubble rate, 
. " 

presented-in section 4-2. 

2. Tentati vely choose one or two pump tube siz~s 

'for use wit~ all reagents. This aided in the stocking of 

such an expenci~+e item. The choice was not arbitr~ry but 
. '. 

~ 

based on experience with the manual method and information 

obtained from step 1. It was kept in mind that sample 

dilution characteristics dictate that flow rates in ~e lower 
, , . '-1 

ranges « 0.5 mL min ) should be used • 
.\. 

3. Based on the manual method and with due 

consideration to solubility, pH! etc., c~oose the highest 

reagent concentration that may be used. This was done to 

increase reaction rates and minimize sample dilution by 

allowing lower purnping rates. 
./ 

Considering the boi1ing points of the -sol vents 4. 

\ ~': 
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S ' 

used, ernploy the highest ternperature which ~an be t;lerated. 

This 'generally increased reaction rates, mixing and solubility , r . 
of the reag§!nts while decreasing ~_amp~~:t_gis-persion~' 

f • 

5. StoP-Flow Analysis was used to deter.mine the 

exact reaction coil delay times necessary to simultaneously 

achieve nearly complete reactions {> 95%} in each manifold 
" . 

stage. This was illustrated as follows. The manifold delay 

coiJ:s were chosen to be of low volu.T{IE:!'~ ~dittpared te- what would 
~ t' , ," \ 

be dictated by the manual method. A centinuous stream of 

the compollnd te be determined ,(triglyceride in this case) 

was then fed into the manifQJ:.d (as'" oppesed to, be;i..ng injected 

or sampled). With reference to Fig. 4-38 a baseline shift , , 

was observed (A o ) corresponding to ,the steady-st~te respo~se 
~ .. 

for the initial manifold design. At time to the system flow 

was halted. The observed rise in detector response 

corresponded to unreacted reactant in the final stageûof 

the reactor. From this response the delay time required to 

yield 95% cornpletion of the reaction in the final manifold 

stage was determined directly. Of greater inte~est, however, 

was what occurred after flow was r~urned (t60 s 'or_t90 s)' 

Plateaus (Ad) appeared superimposed on the original baseline 

shift. These plateaus corresponded to additional reaction 

products produced in each manifold stage during the stop time. 

Thus, the Stop-Flow Analysis method effectively increased 
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the vOlume~he-dflay coils by an amount equivaie~t to 
-

the product ,!f the s~pp time and the reagent f;ow rate at 
( , 

the stage of observat~. This was done simultaneously for 

aIl stages in the manifold and required no further manifold 

manipulation. 

4. 4.~ • \Experimental 

Apearatus 

A ~echnicon Pump III (Technicon Instrument Corp., 

Tarrytown, NY), Schoeffel Spectroflow Monitor SF 770 .... 

(Schaeffel Instrument Cèrp., Westwood, NJ) and Honeywell 

E lectronik 196 recorder were used. The c. f ~ a. manifold was 

the aIl stainless steel construction described in section 

192 

4.2. The reactor was run in the debubbled mode, at 60 ± 1°C. 

Operating condi tions .~_ 
'f 

Tributylg1ycerate (Sigma Chemical Co., St. Louis, 

MO.) was used in the c.f.a. system schematically represented 

in Fig. 4-39. Details are given in Table 4-12. 

Reagents 

AlI reagents used are present in Table 4-12. The 

concentrations given were based on the work previously 

presented. Possible sources of formaldehydes (alcohols, acetic 

acid, etc.) normally associated with automated triglyceride 

analysis were eliminated. 

. 
_~"'''_L_ ..... ,~~~À>I',4N',\.."dI\.~~~:uua " .... ~....- ..... -_ ..... -~-~ ~-
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Table 4-12: Summary ~f the optirnized p.c.r. system. 

Stage measured* 
DC vol tmt-) 

~1:I:t.KpH - 2.48 
4, , . 

II.NaI04 3.17 
, 

l Flr-P· \ ,01i99 

\ 

l,II 0.5 M,' KOH in' H2 ,? 

Nominal flow rate 
through stage~ (mL/sec) 

0.020 

0.027 
'\ 

0.033 

~ ~ " 

~'~*FIOW 
ra~(mL/sec) , 

0.0038 
\, 

-iU 0.02 M NaI04 in 0.3 M'HClO'4 0.0070 

0.0070 

0.0083 

0.0070 

, 
l 0.18 qm Flubral-P in CH 3CN 

ijPLé' 

He (gas) 

, ' 
Q 

Calculated** 
delay time 

125 sec 

\120 sec 

30 sec 

, Pump tube 

PVC-O/W 

PVC-O/O 

Silicon-O/O 

waters 600~ 

Silicon' 0/0 

concentration of each reage~t as it oocurs in'th~ reaction 
(assuming n6 reec~ion) 

I~I 0.16 M,KOH . 

IIO.0073,M'NaI04 

l 0.048 M Flr-P " 
,~ 

*. , Measured by ,repetitive (10) injections of lutidine into'a 
using the Waters 60QOA "p1.imp.i delay cell of intefest and 
FS970 detector. p~ecision wast to. less than 1% J;ela,tive 
standard deviation. 

** . ~ Due to pump tubing aging and variations these values are 
reproducible to ±S% •. ,The total flow rate of 1. 99 mL/min 

unit 

was evaluated by'pumping water through aIl lines and determined 
to_ be" 1.97 mL/min.' . 

1 

1 
1 

1 
j 
! 
\. 
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Procedur~s 

Stages II and III were optimized s~ultaneou~ly 

b~'using the. system described, stopping flow at the times 

i~dicated in Fig. 4-40, and measurin9~. Optimization of· 

stage l was done independent of II and II oby passil1,g 1. 2~ x , 

10-3 M formaldehyde \through a.J). 37 mL OC. .After stopping 

flow., 19 sec was required for 95% reaction (100% taken as 
.6' 

maximum of the A4l0 profile). This additional delay time , 

was added to stage l and 'conditions in Table 4-12 are "for 

optimized conditions. 

. 
4.4.'1 Results. and Discussion 

194 / 

When the sto~-flow method was applied to the system 

the results as shown in Fig. 4-40 indicated that an additional 

120 sec was required for' stage III and an additional 65 sec 

for II. ~ Thus for stage III 1. 46 mL and II 1. 25 mL of 

additional reactor volume waD calcu1ated ta be required. 

After'addition of the required volume a check wa~~ 

done on the c.f.a. by using the stop-flow method. The data, 
1 "\ ... 

shown in Fig. 4-41, indicate that stopping the flow up to 
1 

120 sec gave a negligible increase in signal. The signal, 
. { .,. 

decreased rather than increased in Stage If this being due 

to the peri6date oxidation of lutidine. Alsa", a small plateau .' 
for the saponification stage ·(Stage III) was tolerated 

--~ r~_~._ ~ .. ~''''' " """'_""""_L~"'.,;&.~~_~""",,,"""''''' ~ __ 
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becausé only ~ ,slight increase ln signal was anticipated 
... 

'by adding 120 sec .ad~itional delay,time. 

19(; 

/" 

The ~se of the "Stop-Flow Analysis optimization method 

developed,here is ne~ pnd thus evidence of general acceptance 
, \ 

,of ~he method is lacking. The method was simple to use and 

centereç"i around step 5. It r~quired only basic chemical :".' 

knowledge and bench experience wi th the manual.: method ~ Stop

flow analysis involved fewer steps than would be inv6lved 

in the • Simplex' optimi~ation method (142). For complicated 
• l , .. 

manifolds such as the one presented here, this scheme was 
" 

very helpful in permitting the rapid choice of reaction 

conditions and waS used to "optimize" (in the lim'ited 

definition giv6ln previously),. the c.f.a. used for p.c.r. of 

triglyc~rides and phospholipids. 

4.5 DESCRIPTION OF THE TOTAL OPTIMIZED c.f.a. POST-COLUMN 

REACTOR SYSTEM 

\ 
\Figure 4-42 is a photograph of the c.-f.a •. manifold 
\ . 

used for the p.c.r. work. Details and a summary of the 

~ system ar, presented in T"lble 4-12.. This manifold design was 

used as described for detection of phospholipids and 
~ 

es following h.p.l.c. s The full 

of the manifold as a pos -colurnn reactor is 

given in t e next chapter. found to 'be very 

" 
1 1 
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rU9'ged and unlike most commercia'lly avaifab}e c. f • a. uni ~~.' 

was very insensitive ta positioning of its components. The 
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band broadening ,contributions of this system are presented \"'{ -. . 
in the next chapter. The ~nit was found very suitaH~e,for 

: ' ~ , 
use as a post-eolumn reactor for h.p.l.e. 
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APPENDIX 4-:A 

Comparisen of Lutidine Standards with Age 

The standard lutidine was ~adè up as 1 mg/mL in 

methanol and ccmpared seven mon ths ~ter with another newly 

made standard; The comparison" procedure was te dilute 

50 JlL of the standards ta 2 mL with methanal. Res~lts are" 

expressed as absorptivity of the sample. 

,Old (7 months) 
1 

New (1 h cld) 

a 

6.89 x 103 

'7.37 x 103 

S.D .. 

(± 0.338) 

(± 0.092) 

(n=5) 

" The 'literature value is 7 x 103• The standard is 

207 " 

expected to he sensitive tc light and thus stored in a bottle 

blacked out wilth alurninum foi!. 
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In standardiza'tion of forni211dehyde the reaction 

sequence was applied to P.C. dipalmitoyl trilaurate, glycero1, 
\ 

phosphog1ycero1 and the old and new lutidl1\e standards. r <', 

)l'he standards were made up as: 

\ 

\ -
~ -3' 

a(iS.D.)xlO 

P.G. 1,OOx10 3M in water 2.17 (iO.04) 

P.c. 
\ -,3 

in isopropano1 2.65 (±D. ~) 1.\OOxlO M 
1 

1 -4 
T.G. 5.07x10 M in isopropanol 4.71 (±O .14 

-4 • 
Glycerol 5.00x10 M in isopropanol 5.87 (.:tO.21) 

Old lutidine -3 5.20x10 M in methanol 3.68 (to .18) 

New lutidine 5.30xlO- 3M in methano1 4.18 (±0.22) 

Formaldehyde 1. 0 x IO-3M in water 4.11 <±0.50) 

Methanol, isopropano1 and water b1anks 

Procedure (n=4) • 

To 0.5 mL of sample was added 0.2 mL NaMeO* and 

,al1owed to sit 10 r;nin. Next 0.5 mL NaI04 was added and allowed 

to react 10 min. Then Flr-P was added (0.5 mL) and read at 

À
410 

after 30 sec with a solvent b1ank. The apparent molar 

-') absorbance's are given ~bove for (n=4) runs. The resu1ts ar~ 

t 'taken as ;i.ndicating that the formaldehyde standard made from 
''(.., 

,- , 
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• 
the 36%, stock was adequate for use 'in these studies. 

*NaOMe 9.0 gm/L MeOR and fi1tered befôre use. 

NaI04 5.32 gm/L in 114 mL/L acetic acid-water. 

F1r-P 0.18 M in CH3CN. 

. ' 

.' , / 

-, 

\\ , 

'Jo 

, ' 

~ 

209 

". , 

'" 

," 

~ . 



, 

, , 

lfj !II el _,tllt.~~ifib*)$I 4 U ':IIl_ III ., _ ...-........ 1-... -qoj----,--....... -. _J .. _I ______ ,_._II!.ofi 

210 

'" 5. EVALUATION AND COMPARISON OF TWO CHROMATOGRAPHIC D 

FOR THE DETERMINATION OF 

5.1 INTRODUCTION 

In this chapter two~teet rs are evaluated for use 
. '..-...../ 

as' chromatographie monitoring systems for triglyeerides and 

phosphQtidy1choline mo1ecu1ar species. One is the commercially 

avai1ab1e Schoeffe1 SF770 ultraviolet absorbance deteetor 

(UV) used in Chapter 2. The other is the post-column reactor 

detector (p.c.t.) described in Chapter 4. 

The feature$ of these detectors of interest are: 

i) Selectivity-measured as response (Rul., . , /' . 
2) Sensitivity-measured as the solute detection 

D 'limit (CSDL)' 

3) Linear-dynarnie range 

4) Sources and magnitud of rioise. 

5) Practical considera "" of availability and ease 

of operation of the detector. 

5.2 THE ULTRAVIOLET ABSORBANCE DETECTOR (UV) 

tteteetors based on ultraviolet absorption are most 
-",1' _ • 

widely used of aIl for h.p.1.e. (1,_ page, 142). The general 

operating characteristics of h.p.1.c.-,UV deteetors have been 

investigated (2,3) and reviewed (4). The unit used in this 

\ . 
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study was the Schoeffel Madel ~F770 with GM770 monochrometer, 

a variable wave1ength unit schematica11y repr~sented in 
, 1 

Fig. 5-:1.! This unit is marketed by Schoeffel IInstrument Corp., 
, 

24 Booke, St., Westwood, NJ 07675). 1 
1 

i 
This detector 1 s mode Of\Oper~tion is Iby measuripg 

transmitted light through two matèhed "Zee-" tJpe f10w ce/lls 

I(Fig. 5-2), one the -analytical and the other te reference, 

cell,' and taking the differencé .. Of thé log inien~i ty of 

transmitted light as the basis for ana1yte quqntitation. 

This process can be described in terms of the/absorption 

of radiation ~tarting with the Boltzmann distiibution' 

where 

j 

l = intensity,of,tr~nsmitted radiation:at À, 
! 

Io = intensity of incident radiation atl À, 

-E
À 

= absorptivity of the absorbing ana~rte at À, 
l '1 

1 
b = radiation path 1ength through the samp1e, 

, 
j 

c = concentration of absorbing ana1yte~ 

( 
" ~ A, the absorbance, is defined',\ 

\ 

(5) as 

A = log 10 1-1 

./ 

(5-1) 

, / 

(5-2) 

\ ' 
~ .. _ ~~-:-::-~-:--::---- .. --: .. :.,. .... :- ~. -_._- .... ~ •• ~ .......... __ ,........·t<>fl! ~;"...1,-.,.. __ ".. ....... ~"'.>4 .... ~~~'fI4 ~.~~:-:::..-..... 
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Figure 5-1':\ .. ,.huHal SF770 &cheJll&tic of signal f10w and function diagram. .. 
Modlfied from. the manua1. 

-'--:; 

ceU 
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tI--_ ~ !-. . l' p----.... " ,.. 

~;.: ::J - - - - - H-- ;'~ ... ,t - -0-· -----
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l)'> 

Figure S-2. Sc." •• Uel SF770 Absorp,.ion ' 
detec:tor "Zee" ceU design. (qw are 
th_ quartz windows. . 
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(5-3) 

cOmbining Eqn. ,(5-2) and Eqn. (5-3) gi"e8 the usual' form of 

tl1e Beer - Lambert. Law 

A = abe 

'w~e a i,s the absorpti vi t:y of the abso,rbinq ~aly~e ,and iB , 
dependent on the wa"elength of the absGrbed radiation. 

Because the SF770 is designed symmetrically with 
- r , 

respect ta the reference and, sample cell ' (Fig. 5-1), ~ 

.... _" 

'''--.. --- \ 
-----~~+~ (sampl~~ = .. Io (refe:rence) 

~~ - '. 

i .. ", (5-5 ) 

-----~ 
and thus if l refers·~t.~ sample' and 2, reference, then 

'" 
, 

(5-6) 

(S .. 1) 

or on subtract1ng Eqn. (5-6) from 'Eqn. (5-7) 

, , 

\ 
'. . , 

", 

/' 

\.".' .. _ --

-
./ 
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~-

:,The' logarithmic amplifiers of the SF770 do the 
J.) -

log convers'ion 

shown in Eqn. 5-8 and the subtraction i5 done 
, '. 

operational amplifier circuit. 

5.2.1 
1 

Seleetivity 
i 

Th~ Jelecti v~ ty of t:he ultraviol 

" 

uS!ng an 

detector is one of it*"s distingui . 9 featur sand can be 

~-----discussed in refer~ the Beer- Lambert aw, Eqn. (S-4L 
\., 

Since a is a function of the wavelength of th transmitted 

radiation as, well as the nature of the analyt,' the detector 
:;-- /' .L 

s~~ectivity is a function,of the experimental arameter of 
~-- .. 

wavelength setting of th~ detector and the intr'nsic apsorp

tivity of the analyte. The class of compounds tudied here 

aIl contain aeyl moieties and are derivatives 0 

glycerol or substituted phosphoglyceFol. The 

response R- cali be described by' uv 

either 

tector 

(5-9) 

where a
À 

is the absorptivi ty' of the analyte at the deteetor 
, 

wavel~ngth setti~g, Cs ~S the ,concentration of the sample 
. - , 

of triglyceride or p:hosphol~pid, D i8 the chromatographie 

dilution factor, and V is the volume of sample injec'ted while 
ü " 

b in Eqn. (5-4) is assum~d to be unity. The absorptivity 

a
À 

can be expressed by 

1) 

, . 
./' 'II 

, d 
" 
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a À = r ax,ay,az,ag ~------~' 
(5-10) 

-'" 

where ax,ay refer to absorptivity of isolated and conjuga~ed 

double bonds, a z to other chrornophores substi tuted on the acy1 

rno:leties (i.e.', epoxides, hydroxy1, etc.) whi1e\ ag refers to 

the absorptiv1.ty of the glycero1 or phOSPhOglyc~rol moiety: 

Equation (5-10) assumes the respecti,:,e ,chromophores are not 

an auxochrQme of the other. Sorne reprèsentative absorptivities 

for po1yenes are shown in Table 5-1. 

The absorptivity, ofax and ay can be predicted from 

the quantum rnechanrc~1 "parti cIe in a box" model by the 
" 

re1ationship (6) 

a x,y 
(5-11) , 

\ 
wh~re ~ is the length of the box, N is AvOg~dro's number, 

, . 
~ 

- "il .. 
e is the electronic charge, h is Plancks constant, c xs the , 

ve10city of light and " is the frequency of the incident 

radiation. For the p\Îrpose of simplifyi~g notation, a x and ay 

are cc;>mbined as a y' 
1 X, 

If i is assumed to be approximated by 

.. 

4C!IIn 

R, = kD \ 
b (5-12) '"'1, -, 

, \ < -, 
.. -<-

where k is~, ~e unit length of th.9 carbon double Dond and Db 
1 

is the "number of double bonds in the total' molecu1e, then 

1. 
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Table 5-1: Lowest energy ~.~~ absorption bands of.polyene 

aldehydes [CH31- (HC=CH) n -CHO] and acids [CH3- (HC=CH)h 

C02H] •. Taken from reference 5 page 72. 

. Aldehydes, n Àmax (nm), dioxane a 

1 

2 

3 

4 

5 

6 

\, 

Acids n Àmax 

1 

2 

3 

4 

... 

. , 

.. 8 

217 

270 

312 

343 

370 

'" 393 

"-
. 

(nm) , hexane 

208 

261 
10303 

332 

" , 
r. 
J 

"-

15,000 

27',000 

40,000 

40,000 

57,000 

65,000 

a 

12,500 

25,600 

36~500 

~4B,00 

, 1 

. '! 
1 

1 
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. \ ' 

Eqns. (5-11) and (5-12) combine to give 

2 
a = COb x,y. ( 5-13) 

where c is the constant '32Ne2k 2 v (31Thc1,OOO) -1. 

The us~fu1ness- of Egn. (5-13) resides in the ability 

to predict.the value of a for the acy1 portion of -x,y 

triglycerides or phospholipids at constant wavelength (c/v). 

The absorptivities presented 'in Table 5-1 indicate that 

both Àm'· and ,a increase wit1:l increasing Db. This information , ax , _ 

is of little use with fixed wavelength rneasurernents. As 

will be experimentally shown, the major contributing 

chromophores to a). at the experirnen~ally chosen 'wave1ength ' 

of 195 nm are tho~e whose absorptivities are represented 

by a • x,y 

5.2.2. Sensitivity 

The. sensitivity of the detector can be described 
\ 

in terms of its lower detection lirnit, which in turn is 

_ de~ermined by the detector response, Eqn. (5-9) ( and the 

baseline noise in the sarne freguency.domain as R • As was uv 

discussed in Chapter i, the signal-,to-noise ratio (SNR) can 

be used as a basis for describing the 10wer detection limite 

j 

l ,,'" 

, 
" , ., 
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. 
The signal (Ruv> can I;>e pred·icted from Eqn. (5-9) and Eqn • 

...(5-13) • The nÇ>ise of interest is descrihed in the fo11owing 

sections. ~he lower detectab1e signal is defined as twice 

the 20 noise and is given from Eqns. (5-91 to (5~13) to be, 

as a SNR expression, 

, 

SNR = 32Ne2k2ob2VCsOV(3,OOOnhC(25»-I-. 

:~) 
\ ' 

or if C~~L is the solute concent~ation at SNR == 2, ~ 

\ 

(5-15) .\. 

Inspection of Eqn.· (5-15> indicates that the 

detection 1imit for glycerides and phospho1ipids is predicted 

to be inverse1y proportion al to the square of the number of 

double bonds in the molecu~ar species. 

5.2.3. The Linear Oynamic Range 

The upper analytica11y useful range of th~ detector, 

as presented in Chapter 1, was given as the upper concentration 

where the 1inear re1ationship of signal to concentration 

vari~s by greater than 5%. This value can be experimentally 

de~~rmined by the appropriate'standard concentration'versus 

response deter.mination over a large concentration range. The 

\ 

• 

l 
J 
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-4~ 
SF770 has a lower and upper range of ;4 x 10 AU (the typical 

·measured 2a noise) to 2 AUFSD. Deviations from the Beer-

Lambert 1aw depend on both experimental and chemica1 

characteristics of the system. The instrumental characteristiçs 

are non-1ineari ty in the detector optical-electronic components 

-due ta the very high absorbances and thus low transmittances 

of light throllgh the flow cells at high sample concentrations. 

The chemical limitations originate at high solute 

concentrations and cause deviations from idea1 solution behavior. 

An additiona1 consideration unique ta the use of 

detectors for on-line chromatographie monitoring is the effect 

of column saturation (column loading on the partition isotherm) 

on eluting band shape. When' column saturation occurs the 

assumption allowing use of peak height measurements for 

quantitation no longer applies and the non-linear relationship 

between peak height and sample amount is interpreted as 

non-linear detectbr response. 

In summary, while the detection limit was presented 

as being an inverse function of a y Egn. (5-8) 1 the upper x, 

detection limit is not expected to be a function ofax,y 

but rather a function of concentration C oz;. more specifically, 

when C is no longer related to R in Eqn. (5-:9) due to , uv 

ei ther chemical or chromatographie reasons. The upper 

range of the detector is dependent on a only when x,y 
instrumental deviations are responsible for non-linearity of 

. .' 
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R versus C. uv 

5.2.4 Operating Characteristics of-the SF770 

'... 
The general operating characteristics of h~p.l.c. 

absorbance detectors (2,3) are surnmarized in Table 5-2. The 
o 

SF770 was previously described in sorne detail (7) and its 
1 

operating characteristics are summarized in Table 5-3.; 'lhe 

SF770 compares favOIA"t'It.'" 'y, to other àbsorbance deteqtors 

with respect to the 20 nOi~e reported~' typical abJorbance 
, 1 

220 

detectors. The optical band pass (S nm) a d cell vdlume (8 llL) 

are typical of h. p.l. c. detectors and emphas z~ the nature 

of the signaIs as arising from molecular pbsor ance bands 

and highly efficient columns, respectively. The Schoeffel 

SF7 7 0 is not expected _to be uniq\,1e atd can be sub ti tuted 

wi th any number of commercially a~pilable uni ts. avelength 

calibration of the SF770 monochrome ter is given in A pendix SA. 

5.3 THE POST-COLUMN REACTOR 

The design and development of the post-column 
.< 

reactor (p. c. r.) ,\tf_as described in Chapte'r 4. The actual 

detector response originates from fluorescence intensity 

rneasurements and thus, othis aspect' of the detector will be 

discussed here. The fluorescence detector used in conjuncti 

'1 

"1 ' 

" 
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Table 5-2: Typ{cal Operating Characteristics of Ultraviolet 

Absorption Detectors.-

Linear dynamic range 

Lower detection 1imit 

20 noise 

drift (low frequency noise) 

Optical density range 

\ 

\ 

1 
\ 

\ 
\ 
\ 

" 

\ 

\ 

\ , 
\ 
" 

\ 
\ 

! , 

, " 

.5-1 x 104-

1 x 10-9 grn.mL-1 

2 x 10-4 AU 

less than 5 x 10-5 AU.h-I' 

-
0.01-2.54 AU full scale deflection 

, . 
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Table 5-3: ~perating Characteristics of the Schoeffe1 Mode1 

"SF770 • 

Wave1ength range 

source 

Optical bandpass 

20 noise (À 280 nm) 

Drift 

Cell Volume 

190-630 nm 

deuterium (190-400) and tungsten (350-
630) lamps \ 

5 nm ~a1f band wid th 

5 x lO-4. AU* 
5 x 10-4 AUoh-1 

a-pL 

Optical Path length . 1.0 cm \-

" 

*Measured with dry nitrogen. 
\ , 

./ 
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wi th the p .• r. was the S-cllqeffel Spectrofluorometer Model 

FS970 with GM770 monochrometer (Sehoeffel Instrqment Corp., 

24 Booke St., Westwood, NJ). 

A schematic repres~ntation of the operation and 

design of the FS970 and its cel1 is shown in Fig. 5-3 and 

Fig. 5~4, respectively. The signal from the detection cell 

is monitored by a photo-multiplier tube ,and associated 

amplifier circuit. 

The relationship of fluorescence signai to analyte 
l' 

6oncentration is (5) 

223 

(5-16) 

where ~fn is the fluorescence quantum e~fici~ncy of species 

n defined as 

~fn 
= photons emitted • sec-~l = 

photons absqrbed • sec 
photons ~emitted (5-17). 
photons absorbed 

and the term (abc) is derived from the Beer-Lambert law and 

accounts for the photons absorbed. The constant kf is an ,n 
instrumental factor accounting for the total efficiency of 

the FS910 in monitoring the fluorescence signal and is , 

dependen') on the optical and electrical de~ign of the unit. 

'The Eqn. (5~16) is used in the respons~ expression 

-
_~ .... ~-:-...... ~-::-.~~.,..~. ~ "·_·_- .. ·~_ ..... ·~~-"~ ......... '";~ou ... ( .. .,;I....,;:.DI.$~~~,.,.'"""'::h;:-~:.:~-_" -:~-
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Figure 5-3. $c.k.affel FS970 schematic of signal flov and function 
di_gram. 
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Figure ~~. S .. \\.affel FS970 frontal fluorescence cell 
and c:hauiber design. 
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',-

-1 

R == kn' CSDV FLR,n 
1 
! 

(5-18) 

where k' is abkf ~f -and DV are the chromatographie dilution' n ,n n 

and injected volume terms as in Eqn. (5-9). Ejquation (5-18-) 
1 

is only applicable in describing fluorescence ,response 'for 

di lute (less than lO-4 M) sOlutio~st of CsDV sicnce at higheJ 

concentrations changes- in k' ~re expectêd. n , 
1 

The use of Eqn. (5-18) in this work r'equire5 an 

additional terrn to account for the p.c.r. 

detector. The effect of the p.c.r. i5 

1 

t.CPcR,n = kpcR,n Cs',n' J 

of the 

(5-19) 

where C is the concentration of forrna1dehvde resulting PCR,n : 

from the chemical reactions of the.p.c.r. on n,t and kPcR,n 

i5 the efficiency of the p.c.r. with respect t conversion 

of n to for~ldehyde as weIl as the addition al effects of 

band-spreadin~ and solute dilution in decreaSi~g C~CR' The 
l , 

term kpcR,n thus has t~o ,components, one reSUl~ing from tpe 
1 

chemistry and the other the hydrodynamics of t~e p.c.r. 
1 i 

COmbining Eqn. (5-18) and Eqn. (5-19) gives 

\" 
" 

Rplr,n = k~ kpcR,n Cs,nDV 

~ 

1 

(5-20) 

, \ 

-

.1 
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-1 

or 
( 

; , R ' = k C DV Flr,n n s,n (5-21) 

_i 

where k.... is the combined constant k' k and C i' refers ... n peR,n s,n 

to species n. 

When doingfluorescence rneasurements, sorne factors 

to consider are the role of impurity quench~ng (such as 
" .. -3 

~xygen, which at the 10 M concentration leveI decreases 
-"" .. 

fluorescence by approxirnately 20% (8», and the rOle of 

temperature' (approximately a 1% decrease in ,F/oC increase' 

" in tempe rature (8». 

5.3.1 Selecti vi ty 

.;;. .. - The selectivity of'the p.c.r. detector is determined 

by the p.c.r. and the FS970 portion of the detector. Thus 

the detector will detect any compound convertible by the _ 

p.c.r. o~ with endogenous fluorescence excitation and ernission 

~irnila~ to lutidine (À~ig). The response of the detector 

to tri~lycerides and phospholipids can be determined, by 
" 

;.,..~ 

Eqn. (S-2~Li 
""--"--

5l:f k is the sarne for all TG ànd PL then die 
n 

detector is a molar response detector for these two classés 
< / 

~ ___ .-----~--~---~'~~-_ ........ _ ... i_ 

~/-'" of compou~ds. ~'This 
....: ____ / \ ~t 

p.'c.r • detector was specifically designed 

for this roie. 

;' 
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5.3.2 Sensitivity 

The sensitivity of 'the' detect'or, if defined as for 
-----.,,\.,..-

the UV detector, il;> determined by the SNR expression. The 
, " 

-. 
noise associated w~th the detector can be expressed as ~ 

(5-22-) " 

where kb kpCR,b are as for Eqns. (5-18) and (5-19) except 

here refer to b rather than, n, Cb is the concentr~tion of 
, ' 

, 

chemical species b in the system as background, and Pb'cb 

,i~\a function associated with the peristaltic pump noise and 
"' ' 

mixing in the p.c.r.; respect-ively, a' 9«§!!leral function' 

describing, the 'overall efficiency of the p.c.r. units reagent: 

delivery and mixing cornponentS. 
~ . 

This function ois expected 
l ,; 

o 

to have a comp1ex nature and is made up of the SUIn of the .' .t 
1 , ~ 

, fundamental noise cornponents associated with the p.c.r. 

T,he SNR expression is, f.rom Eqns. (5-21) and (5-22) -,-

(5-23) 

.. 
where kb'kpCR and k may not be identical. ln n. 

Equàtion (5-23) can be simplied to 

\ 

SNR = KSNR Cs,nCb -t (~-24) 
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, 
where KSNR ::: 

" A 
the d~tector 

k (k ' k p,f.,)-1 
n b PCR,b.b~cb 

Thus the sensitivity of 
, . 

is directly related td the ratio Cs,n/Cb - The 1 

(J,., ,/ 

lqwer detection limit for the detector can be defined in 
, • i 

, 
ter~s of the 20 noise lev~l so that' 

FLR 
C'SOL,n (5-25) 

:; 
1 

where CFLR is th~' ~oncentration of analyte detected at the SOL,n 
detection limite • 

" , 

..... ~' 

_ "-.....5.3.3 Linear Oynamic Range 

o 

The linear dynamic range ~~ the detector ,is 

determined by the p.c.r. and fluorescence cèrtt~;!.bu,tions to 

this detector characteristic. Opt~mization,of the p.c.r. 
-i " 

chem~stry ~as~done assuming each reaction stage involved 

kinetïcs which remained constant (wi th respect to arder) 
:~ . , 

regardl~ss of the degree of réaction. For the linearity 

of Eqn. '(5-21) to be valid; kpcR,n must be ind'ependent of 

concentration. This is not expected to be true for high 

concentrations of the solute nt specifically when the 

. 
" 

concentration of n approaches the concentration of the reegents 

used in the p.c.r. 

The linearity of Eqn. (5-21) also depends on k' n 

independent of concentration. At hign concentrations of n 

IJ 

____ -.------~------------~--......... ~,-tt-WN ...... ~IMN~~ ... .---~---.~~l------------'-
" , _--~ __ ~, ... , 1~... , ~ 
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-t , 

, 
the i~ner filter effect (also called concentration quenching 

'effect (8» ik expected to affect k f and thus k' and k 
< ,n n n 

-' 

are not expected to be constant at high solute concentrations. 

The lower range of the detector is determined by the Iower 

detection Iimit as described in the context of the detector 

sen'si ti v.i ty. 

'5.3.4 Operating Characteristics'of the Schoeffel FS970 

The operating character~stics of the FS970 have not 

b~en described previously. The novel feature of this' 

detector; c~mpared to other spectrofluorometric detectors 

for h.p.l.c., is the cell design. The frontal fluorescence 

d~~ign is unique since most fluorescence detectors are based 

---on ,cylindrical flow cells with detection of-'emitted radiation 

occurring at right angles to excitation. This conventional 

design,is convenient from the,standpoint of detector 
, - t 

construction but has limitations with respect to i~strumental 
-

senSi1:ivity since only a small fraction of the emitted 
1 

-

radiation is detected. The frontal fluorescence cell epables, 

wi th the use of the'\ quartz reflectance sphere (Fig. 5-4), a 

larger precentage of emitted radiation to be detected. Thus 

the FS970 is expected to have greater sensitivity than other 

spe,ctrofluorometric detectors if the detector SNR is signal 

lirnited and the predominant contribution to noise is fro~ 

,,,.~ 

1 
yi 

1 

1 
1 

'1 

1 
! 
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/ 

dark current. If the detector is noise limited from the 

same source as the signal then the FS970 will have similar 

sensitivities to other spectrofluorometric detectors. 

The FS970 used for excitation a Corning filter 7-59 

(transmi~sion max. 370 nm, band pass 140 nm) and monochrometer 

set at excitation 410 nm, 0.5 nm half band pass (calibrated 
1 

as described in Appendix SA). For emission filters 480 

and 550 mm (standard from Schoeffel) which are both high 
1 

pass filters with 50% T at the wavelengths cited, were ga~ged' 

together. The excitation band pass of the instrument~was 

such that it did not overlap--with the emission profile to 

greater than an estimated 0.001%. 

~ 
5.4 A COMPARISON-OF THE DETECTOR RESPONSES 

Experimental and theoretical based comparisons of 

the absorbance and fluorescence detectors (9)' for h.p.l.c.' 
/ , , 

have indicated that the order of sensitivity for these " 
- 1 

ùetectors is the reverse of the order of their selectivities. 
/ 

The expected detection limits fo~ these detectors are 7shown 

in Table 5-4. The response (~) and, detect1ion limit 
, D 

expressions (C SDL) for these detectors are surnmarized in 
\ 

Table -5-5 in their extended forros. 

When comparing each detector expressions, it is 

apparent that selectivity plays a very large role in the 

response and detection limit expression. The UV detectors 
\ 

. ~ 
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e 
"- Table 5-4: Reported detection limits for h.p.l.c. detectors 

. " 

o 

Filter photometer 

Spectrophotometer 

Spectrofluorometer 

lIn rnoles/L. 

_ pm sr" ri 

, ' 

Dl 
CSDL ' theoretical 

2xlO- lO 

, 6xl0- l0 

1. 8xlO-14 

o C,sOL' practical· 

2xlO-9 

6xlO-9 

lxlO-:- lO , 

.. 



" 

1 
f 

&, 

Ct 

, 

., 

Table 5-5: Summary of the detection Iimit and respo~se 

expressions for the ultraviolet absorption and 

p.c.~. detectors. 

z uv uv cr 
Cl:?DL = D 2

DV 
z. uv 

= 6000nhc 
32Ne2À 2v 

• 

Fir 
CSOL,n 

, . 

~Ir,n 

, 
h 

_ ZFlrCbPb (<I>cb) 

KpCR,nDV 

= (2.3abkpCR k
f 

4>
f
k')e DV ,n,n n s 

(5-26) 

(5-27) 

(5-2.8) 

(5-29) 
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Ruv And C~L are a function of Db 2 of the compoùnd detected. 

~he fluorescence detector is the more selective and, because 

of the post-column reactor chemistry, t~e ~LR,n and C~~~,n 
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are independent of the molecular weight 'of the acyl glyceride ~ 

or phospholipide AlI the detectors are expected to give 

responses which change in a direct proportion with the 

concentration or solute present in ~e eluent. 
, 

Because the post-column reaction is a mOlar-response 

detector,-, a relationship based on this ,molar response can 

be derived and may be useful in determining the identity 

of the solute being detected. This relationship is the 

detectors response ratio taken from Egns. (5-28) and (5-29) 
1 

and is 

RU": = ~ D 2 
Flr a b 

where a = 2 .. 3 ab k . k cl>k' PeR,n" f,n n 
\. 0 

C = 32Ne2k 2 v (3000hc) -1. 

~his expression is generally useful, being ~ndependent of 
the chromatography of the system as weIl as the amount of 

so:l ute in j ected • 

.. r' 

(5-30) 

, -----... , ... "'-... ~~~ ,_.- ~ ~y 
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5.5 EXPERIMENTAL \ 

The experirnent~ described here were designed to 

evaluate the UV and p.c.r. deteetors for the on-line detection 

of triglycerides and phospholipids. This involved utilizing 
. 

the chromatographie inforrnatiçn and~equiprnent deseribed 

in Chapter 2 and the deteetors described previously in this' 

and Chapter 4. prirnary ernphasis is placed on the evaluation 

of the p. c. r. deteetor sinee it is novel. -

5.5.1 Equipment 

The sarne equipment described in Chapters 2 and 4 

was used in this< section. The detector arrangements were 

sueh that thé UV deteetor (Schoeffel SF770) was always 

placed directly after the co1~, the post-eo1umn reactor 
~~ ... ~ . / 

of Chapter 4 next, replacing the--refractive index detector 

in Fig. 2-1. Data involving detector response ràtios were-w 

taken from this configuration. 

5.5.2 Chemica1s 

AlI solvents and standards were identical to those 

used in Chapters 2 and 4. Numerous trig1yceride or phospho-

1ipid standard mixtures were made by combining volumes of the 

st-andards listed in Tables 2-1 to 2-3. The standard mixtures . 

.... ""iit ... ' _______ --...... -"...-:;. ___ .... _ .. _.,,_s"' ..... ""·, ........... __ ._ ........... u ... , ___ W_'M .. ' ___ -""---~..-..-L----
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referred to ;n this chapter a~e olisted in Table 5-6. The 
~ 

mixtures were stored desicèated at -20°C when not ih use. 
- -- /' 

'P.C. dilinoleoyl or _P.C. dilinolenoyl were ordered from Sigma , 

in anticipation of their being used. Sorne standards"were 

recei ved in partially degraded form and were discardeÇi. 

Those which contained only minor amounts of degradatioJ~, products 

(total amoUnt estimated to be less than 5% of the parent lipid) 
'" 

were used without further' purification. As mentioned in 

Chapter 2, the degradation of these unsaturated lipids has 

been the subject of much study and the degradation pro~~ucts 

are detectable using h.p.l.c. and the UV detector. In the 

standards used these products were not detectable with 

the diffe,tential refractive index (Chapter 2) or p.c.r. 

detectors. AIl other synthetic 'lipids were found to give one 

band using the RI and p. c. r. detectors. 

5.5.3 Me thods 

The sources of noise and background in the p. c. 

"" of Chapter 4 ~ investigated in a descriptive manner. 

1 

was done by noting noise and background in the optimize 

uous-flow analyzer (exact conditions in text) under a vait'iety 

of conditions such as during successive addition of ieagents, 

cycling of the pumps and heaters and -ob~erving the ,effect 

of gas bubbles clearing through the flow cells'. 
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Table 5-6: Triglyceride and phospholipid standards used for 

the detector evaluations. 

N TG-I con~entration (M) 
-1 ~/ . .., 

~ 

13 Triolein 2.25xlO-3 

11 Trilinolein 2.30xlO-3 

5 
~ 4 

10 

TG-II 

Trimyristin 5.53xlO-3 

Trilaurin 6. 26xlO- 3 

Tripalmitolein 4. 99xlO-3 

Il TJ;:.ij-inOlein 4.60xlO- 3 

- 3 

4 

5 

10 

'" TG-III 

Tricaprin. 7.20xlO~3 
.' "-3' 

Trilaurin· 6 .. 26x10 
Trimyristin 5.53xlO-3 

Tripalmitolein 4.99xlO-3 

Separate TG Standards 

4 Trilaurin 6.26xlO-3 

10 Tripalmitolein 4. 99x10-3 

13 Triolein 4. Ox10- 3 

14 ~r~petroseli in 4.52xiO- 3 

\ 
\ 

;, 
» 

'. 

. 
N PL-I Concentration (M) 

l . Dihexanoyl 5.24xlO-4 

3 Didecanoyl 2.10xlO- 3 

8 Dioleoyl 1. Slx10-3 

9 DiH.no1eoyl 1. 50xlO- 3 

10 Dilino1enoyl 1.50xlO-3 

/iiij,;p; .... ,te .... " ... n .... ·_--' ---'}"\\-----__ ."" ... I.l'~ .... _ .... l ..... , .. -------..... ----;--~~~ -- - - -

- '>.,." • - • ft -~ 7 $ 
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. The observations on the effects of gas bubbles led 

to an alternative to gas-debubbling described in Chapter 4. 

This was to allow buhbles to pass through the detector cell . ./ , 
by applying electronic filtering to select for the desired 
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signal. A ehoice between using the absorbance or fluorescence 

deteetor for monitoring the p.c.r. was made on the basis 
" \, ----

of experimentation with comparing the respons,es of the two 
\ 

~ 

deteetors in the optirnized p.c.r. 

The \general method employed for 
\ 

was to inject\ varying amounts of standard 
1 

\ 

\ 

detect6r evaluation 

into the chromato-

graphie system. Three general classes of experiments were 

rune 

1) Deteetor Response versus Sample Amount Injected. 

Standards TG-I and PL-I were used to determine 

the relationship between amount of' standard injected and 

detector response,~. This was done by injecting between 2 

and 25 llL of a standard mixture into the system and monitoring 

, ,the detector resppnses. Chromatographie conditions for aIl 
, , 

experiments are surnmarized in Table 5-7. Responses.are 

re}?orted as peak height measured from a line defining the 

top boundary of the baseline noise to the upper most defleetion 

of the detector response. These responses are' reported' as 

absorbance units (at 195 nm) and relative fluorescence 

intensity response and are self consistent within each 

experiment. 

! -, 
i 
1 

, 
1 

i 

1 ; 
! 
1 

.! 

1 

,1 
l 
! 
1 

1 

l ' 

1 
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Table 5-7: Chromatographie conditions'used to evaluate the 

detectors. 

. 
~Column: 5 ~m CG reversed phase, in~lab designed. 

'Temperature: 60 ± 1°C 

Flow Rates: 1 mL.min-1 for UV detector . 
-1 ' 

0.5 mL-min when the PCR is used 

Eluent: varied as follows 

Standard Eluent Composition* 
i 

TG-I ,100% CH3CH 

TG-II and III 90 CH 3CH/1OH2O 

'rG-10 and 11 95/CH3CN/5H2O 

TG-4 and 6 90 CH3CN/10H2 O 

PL""!'I 95 CH3CN/5H2O/O.l 

cone. H3P04 
i'" 

"" 

\ 

~ See •. Chapter ?- for full desc-ription. 

1 , 

~. 

,1 

'* t 
. .-

1 ua., nM hUI 11! 1 .. r ~, ..... " - Il 
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Noise levels were rneasured d~rectly ~ff the 

chrornatograms by drawing two parallel",lines tJat border the 

peak-to-peak noise. The noise was ~easured o}er three peak 
1 

base widths of the broadest chromatographie bknd. 

2) Response Ratio of the Detectors. 

Th d t 't t' ~v , t' t d e e ec or response ra ~o, -Flr was ~nves ~ga e 
,1 

using standards TG-II and PL-le This invo1ved making in-

jections of 2-10 ~L of standard mixture into the chromatographie 

unit. Injections were repeated between 6 and 15 tirnes 

Cn =: 6 to 15) and the mean and standard deviation are reported. 

~) The Evaluation of the p.c.r. Detector. 

The standard mixtures TG-III and PL-I as weIl as 

the separate TG standards were used to evaluate the p.c.r. 

detector response 'R-1 and selectivity. This invo1ved -"F r,n 

repetitive (n = 5) injections of lO-~L volumes of the separate 
\ 

TG standards or PL-I mixture (n = 3). The mixture TG-III 
o 

. and PL-I wer.e a1so used to illustrate the se1ectivity of 

the p.c.r. with.respect to detection of these lipids in the 

presence of large amounts of the solvent chlorofbrm. 

The.response of the'p.c.r., when given in terms of 

peak areas, was calculated using the re~ationship of height , 

th} to base (b-) of an equilateral triangle Carea = 1/2 hb) • 
. 

This method was used because of the relative1y low SNR 

encountered with the ~ount~'of sample used, in these studies. 

The use of low concentrations of standards was necessary . l" 
1 

-. -_. ~~,- --- -~- -
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and is'discussed at 'the end of this chapter. 

~ 

5.6 RESULTS AND DISCUSSION 

5.6.1 Origins of Noise in the P.C.R. 

Possible sources of noise were observed to be: 

a) Proportïoning pump pul~ations 

b) Heating bath cycling 

c)o Particles in the detector cells 

d) Bubbles in the detector cells 

e) S~itch or relay noise .~d 6~ 

.and are illustrated in Fig.' 5-5. / 

, ,// 

line pick-up 

, .' 
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'proportioning Pump PU1?Ations 

The proportioning p~ (Technicon 'Pump III) used in 

this ~tudy was not puls~less and a pe~iodic 'noise (Fig. 5-5A) 

of frequency approximately .1 Hz was noted from this source n 

Hdwever, due to the nature of the p.c.r. unit beinï mul~i

cha~nel, each line contributed ti\)ise' of a Sli9ht~t 'dif~erent . 

phase. Thus, 'addng additional lines to the p.c.r. gav~ a ' 

variety of ~ patterns. For instance 1 when adding reagent 
, , " 

Fluoral-P through eac~. of the' three stages in succession, 

the tFaces shown in Fig. 5-6 sho~ed that the frequency 

.characteristics and a.I\lp1itude of the noise varied as a function , " , 
of the fundamentaL noises and their relative phase:: 

-
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is also shown'in Fig. 5-7 where Fluoral-P reagent was added 

through orie channel of the peristaltic, pump while the Waters 

6QOnA pump (a pulseless source) was used to vary the back-

ground s~gnal by varying, the ~ount of acetonitrile used to 

mix wi th the FI uor'a1-P reagent. The range' of 1.1-2. 0 mL/min 

CH3CH is shown 'and illustrates that while white noise is 

decreasing in general (as seen by a lowering of average 
-

background) the amplitude and fraquency of the noise was 
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variable: ,-aJld .. corresponded to phasing of the various fundamental 

noise sources. Generally speaking, llf noise was observed 

to decrease as white noise decreased if llf noise originated 

from the sarne source as the white noise. However, the effects 
" 

~of fundamental noise complicated the relationship.·' '7 

Proportioning-pump noise was found te be the 

greatest single source of noise in the p. c. r. because of 

the fréquency over which i t occurred. Since signaIs for 
i 

the p. c. r. were of the sâme order of freq~ency Jas the 
, 

proportioning pump noise, discriminating against this noise 

was not possible. 

Heating Bath Cycle 

A very common source of noise was that due to cycling 

of the heating,bath. 
f. 

As illustrated in Fig. S-5B, the o~-

off cycl~ of the bath used te incubate the ,p.c.r. manifold 
~ t !; 

' . 
contr~buted noise in the 0.01 Hz range. In this baseline 
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trace l corresponds"to the heating approaching the thermostat 

set-point of' 60°C. When cycling begins (II) periodic noise 

is seen. In III the heater has been turned off. To elirninate 

~ this source of noise the heating bath was insulated and kept 

full at aIl tirnes. This resulted in longer.bath cycles, 

outside the frequency range of interest. 

Particles in the Detector Cell 

Particles in the ~ptical path of the spectrophoto-
o 

meter were characterized by extrernely high background .(white 

noise) and originated from precipitation of reagents ~n thè 

-p.c.r. and the leaching of plasticizers from pump tubing 

(especially polyvinyl chloride). changing reagent composition 

or tubing eliminated this source of noise. 

Bubbles in the Cells 

The type of noise associateq with bubble formation 

in the detectar cells was characterized by high absorbance 

and background in the absorbance detector and by llf noise in 
, 

the fluorescence' detector. Examples of the formation ,of a 
o 

bubble in the fluorescence detector cel! are illustrated in 

Fig. 5-5C and Fig. 5-5D. In the first example (Fig. 5-SC) . 
bubble growth in the fluorescence cell can be seen to occur 

by fhe decrease i~ backgrou~p signal and then the sudden , 

shift ta gre,ater background as the bubble i~ dislodged. A 

fundamental1y similar process is shown in Fig. 5-5D except 

that much greater background (as white noise) i5 present 

" 



'j. 
~' ........ ' .. ,.-.. ....... ~ ............ '-- --~_. -.-

--------------- --_ .... -.. _---------------~, 

due to the application of reagents to the p.c.r. The noise 

associated with this ~~pe of process was ho~ed to always be 

a function of backgrou~d. This is not surprising when 
" 

considering the mechanism of the nois~ being a function of 

change in the fluorescence ~ell surface and volume. This 

source of noise was eliminated by allowing bubbles to pass 

thr6ugh the fluorescence detector celle Thus this Ilf noise 

was replaced by one of much greater frequency (from 

\Pprox~m,atelY 0.01 Hz to 3 Hz) and was treated by electronic 

f'iltering. 

Switch and Relax Noise and 60 Hz Line-Pickup 

This source of noise was usually synchronous and 

could v~ry from relatively high (60 Hz line) to low (0.01 Hz 

heat~r- or refrigerator cycling) frequency. The heater noise 

previously discussed was, d~e to ternperature effects of' the 

p.c.r. Relay noise associated with the heating cycle is 

sho~ in Fig. 5-5E and is characterized 9Y spik~s in the 

detector response. Line pick-up at 60 Hz was also noted 
--.A 

for the recorder and was characterized by hum. Neither of 

these noise sources were treated by filt'ering since they 

originated in the recorder. Isolating the detector and 

recorder leads, however, was effective in minimizing this 

source of 'noise. 

. , 
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5.6.2 Sources of Background and the Effects on Detection Limit 

Figure 5-6 shows the contributions to fluorescence 

background that occur as each reagent line in the p.c.r. is 

added. The minimization of background is imperative in the .. 
p.c.r., because of the intimate relationship between background 

< 
and noise. 

To minimize background and the associated noise from 

this source a radical departure from the normal triglycerid~ 

manifold design was required. This involved elimination of 

all major sources of formaldehyde contamination such as 
'. 

alcohols and acetic acid. These were replaced with aceto-

nitrile and phosphoric or perchloric acid, respectively. 

The normal physiological range for triglycerides in 

serum is from zero to 1. 5 gm/L (10). In terms of triolein 
. 

the lower de'ection limits. for the clinical trig1yceride 

ana1yzers can be ca1cu1ated for a recent system to be on the 

order of 5 x,lO-5 mçles injeqted (11). This i11ustrates~ 

that the conventional manifolds are concerned with upper rather 

than lower ranges in .the ana1ysis. The p.c.r. system 

describèd here should be far superior to the conventional 
, 

mode1s'because of the care given to minimizing band spread 

and lowering detector noise. Investigating the p.c.r. with 

distilled water flowing through aIl channels and injecting . , 

standard lutidinè gave a lower lirnit of detection (based on 
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0.0008 llA being the 20 noise) of 1. 6 x 10-10 moles lutidine~ 

In the f. i. a. study of the Fluoral-P reagent (Chapter 4) ,. 

formaldehyde was 'detected at the 3 x 10-9 moles perinjection 
~, 

'level. This system contained Fluoral-P and dilute phosphoric 

acid as the reagents and with.the higher background compared 

to distilled water higher detection lirnit wasefound. The 
'. 

- -10 c .." / 
value of 1.6 x 10 moles can be taken as the qbsolute lower 

limit of d,etection for the system based on the Fluoral-P 

reagen~ and using fluorescence detection. A more realistic 

value for detection 1imit is 3 x 10-9 moles per injection 

because of the general nature of the experimental system and 

the requirement for the presence of reagents in the p.c.r. 

5.6.3 Comparison of the Absorbance and Fluorescence Detectors 

for Use with tfie Post-Column Reactor 

The c~plete p.e.r. ~as used for this evaluation 

and typical recorder output is shown in Fig. 5-9. The 

fluoreseen~e detector was foun~êto be far superior tq the 

absorbance detector from the standpoint of signal-to-noise 

ratio. Thus the absorbance detector, was only used wi th the 
~-------I' 

p.c.r. during the optimization <Çhapter 4). 

The main problem associated with the absorbance 

detector wa~ low frequency noise due-to Schlieren bands in 

the p. c. r. stream. The design of the cell is such that it is 

" 
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very sensitive to refractive index changes in the effluent 

and thus also effluent temperature. One cell design, the ,. 
TM ' Taper celi of the Waters Model 440 Absorbance Detector 
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(Waters Associates Inc., Maple Street, Milford, Mass. 01757) is 

claimed ta be less sensitive to refractive index changes; 

howeve~, attempts to fit sucb a cell to the SF770 failed. 

The Waters Madel 440 was used in other parts of this work 
\ 

such as in monitoring the separations of the Nash and Sawicki ' 

reagents (Chapter 4). 

5.6.4 Evaluation of Bubeled and Debubb1ed ResEonse in 'the 

SF970 

. 
The par ameter s which determine the sensitivity of 

the ~.c.r. are: 

1) 20 noise, 

2) band dispersion prop.erties (w1/ 2), 

~~. 3) Signal (S). 
, 

The "signal-to-noise ratio (SNR) determin-es to a great extent 

~ the sensitivity of the system.' 

When comparing the fluorescence an~ ,absorbance 
.c1 .~ 

detectors, one f, ..... S a f,undamental diffe~ênce in the effects 

of gas bubbles on their respective re~ponses. In the case 

of the SF770, a bubble scatters the sample beam causing a ~ 
'i 

maximum absorbance signal ta be measured. In the fluorescence 

1 
1 
\ 
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c detectors (FS970), a negative response corresponding to a c 

~ 

decrease in the !rontal fluorescence cell surface area is 
c 
c 

seen. In both cases the frequency of the disturbance is , 
t 

the bubble frequbncy. 
!\ / , 

-
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With re~p'ect to absorbance deteetion, the effect on 
~ 4--

the detector of a B~,bble is i~dependent of the absorbance 
~'. 

~ "- .~ .. 
background. This i5 not ~!ue for the fluoresence detector 

~-, " . 
in emission r~ier~t~à~catter causes 

'--'~-
since a decrease 

\ 

the noise. Thus decreasing the background fluorescence (SB) 

can be used as a means of enabling bubbled flow to pass through 

the detector de11 and thus eliminate the need for. a debubbler. 

The bubbled versus debubbled mode of operating the fluorescenqe 

detector was examined. 

First, sorne justification should b~ given for 

eliminating the debubbler'described in the previous sections. 

The FS970 was evàluated with and without the debubbler. Two 

features of the signal, signal height (H) and dispersion 

(here Wl / 2 = 2.354 0), were measured. The experime~tal data· 

are surnrnarized in Table 5-8. What is irnmediately apparent 

is that the debubbler increases band width at Wl / 2 by 

approximately" 50% over the bubble-through-detector mode 

while the entire c.f.a. increases band width relative to ~ , 

~he si~nal meafured with the SF770 by 19%. Thus, the main 

. contribution to band broadening in the p.c.r. is the debubb1er. 
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Table 5-8: Comparison of various detector modifications on 

band dispe_rston
n 

(w1/ 2 ) and concentration (H). 

Mode Wl/2(S) (n) Fi (n, 

, 
1. Bubb1es through 17.5 + 0.89 (8) 123.6 ± 7.6 (8, 

detector 

• 2. Bubp1es e1iminated 26.0 ± 0.76 (8) . 33.5 ± 5.4 (8, 

3. SF770 response 14.7 + 0.78 (19) 0.097 ± 0.0036 (l8, 
(À195nm) 

* 't = 4 s. 

** 
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%S.D.)** 

6.1%) 

16.1%) 

3.7%) 

Fluorescence intensity for 1 and 2, not éomparab1e to absorbance 
.~ 

units for 3. 

---- --~ 
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The development of electronic debubblers and bubble-gates 

as mentioned in the previous Chapter are thus quite 

understandable. 
o 

Another parameter of interest, peak height (H), is 
1 

affected greatly by debubbling where it is seen that a 

substantial signal decrease (approximately ta 28% of the 

former value) is seen when the debubbler is used. This

attentuation of H is due ta dispersion and lack of efficient 

pull-through. ;ç 
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1 

\ 

The relative standard deviation (S.D.) of the response 

was also affected by debubbling and as can be seen in Table 

5-8 the SF770 has an S.D. of 3.7% and after the p.c.r. 6.1% 

for bubbled and 16.1% for the ~ebubbled mode. An explanation 

-for the high S.D. when using the debubbler is ~at even 

though aIl reagents are degassed and the segmentation gas 

is helium, bubb1e formation occurs in the SF970 and thus 

'atfects the effective volume and, surface area of the cell. 

Thus elimination of the debubbling can'be justified On the 

~rounds of attaining better signal, less dispersion and 

better reproducibility. It is also noteworthy that the p.c.r. 

gives an increase'in band dispersion of Il sec (Table 5-8). 

Th~Choeffel FS970 is equipped with a one-stage 

active filte with variable time constant (L) from O~O sec. 

The effect of arying T on detector response (H) and ,dispersion 
\ i.' 
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(Wl/2 ) is shown in Fig. 5-10 and summarized in Fig. 5-11 

where a plot of ~ versus H and W
1/2 

is presented. The values 

as presented in Fig. 5-11 are normalized to 100 • 

.. 
An investigation of the associated peak-to-peak noise 

~represented as 2a noise from Chapter 1) versus t as rneasured 

over a two minute internaI is shown in Fig. 5-12 for the 

conditions of low background (H
2

0 on-line), and the operating . 
, 

background (reagents on-line) when bubbled and debubb1ed. Thè 

resu1ts indicate that L = 4 is sufficient for e1irninating 

the major high-frequency portion of the noise and 1ittle 'is 

gained with respect to noise decrease at greater t. It is 

of interest to note that the· noise profiles approximately 

para11el each other. This indicates that in both cases a 
... 

high frequency noise is su~erirnposed on a low frequency noise 
\ 

and is independent of effluent background signal. At T = 4 

a noise decrease'of approximate1y 74% is seen when debubb1ing 

is used. This decrease is not enough to justify using a 

debubbler when one considers the effects of debubbling on H, 

W
1/2

' and the effect of gas bubbles on precision of S. . 
Bubble fonmation in the cel1 did not occur with the SF770 

detector if. helium degassing and segmentation were used. It 

shou1d be mentioned that the SF770 had in1et and out1et 

tubing of large diarneter compared to the'verY sma1l interior 
1:' 

diameter of the inlet and qutlet tu~ing,of the FS970 
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(approximately·0.018 cm). This narrow diameter tubing 

easily clogged and created,additional problems of yariable 

·pull-through. Detectorcells having moderately wide diameter 
, 

tubing (approximate11 0.03 cm) would not suffer from the 

l,unique problems of bubble f~rmation and cl99ged inlets. 

However, for evaluation Qf the p.c.r. response, the debubbler 
, -

was eliminated ànd bubbles were allowed tq pass through the 

FS970 cell, lfilter time constant of 4' sec .• 

5.6.5 Evaluation of the Detectors for H.P.L.C. of Trigly

'~ cerides and Phospnolipids 
" 

Evaluation of '~ 
'. 

Reference to Eqns., (5-28) and (5-29) shows that ~ 

ia expressea by the general form: .. 

• 'c 

RD = DF C',V 
D s 

, 
, ' 

where ,D iS"the ,chr:omatographic dilut;'on façtor, Po is the 
o " 

respe~tive detector response·constant·given in par~nthesis 
" '" J ,,, ~ 

(S-3I) 

in Eqns. ,(5-28) and (5-29) , 'and 'C~ is the concentration of the 

standard~" Thus '"a' dix:edt !:elat~ox:ship betwe~n. detect~~ .' f 
, 

tesponsè ~ and ~ol~e ~f sample injected (V) is expëcted. 

~,- The results showing-Ro versus volume injec~èd 
(qi,ven as amàunt of ~tandard injected in moles', q~lculatéd \ ,. 
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from the product VCs } are presented in Figs. S-13 ,~o 5-16, 

and summarized in Table 5-9. The 20 noise levaIs are also 

indicated on each figure and enable calculation of the 

detection limit for each detector under the experimenta1 

conditions used to generate eac~ standard curve. 

The results show that good correlation_exists 

between amount of lipid introduced and ç1etector re sponse Rn. 
Thus the general form of Eqn. (5-3L) is correct. Inspection ..,.. 

of Eqn. (5-31) also predicts that for any given detector 

condition (FD) and amount of solute injected Cc V), the . s 

chromatographie dilution factor D will petermine RD' This 

ïs seen for the p.c.r. data of the triglycerides and the p.c.r. 

and/ UV d~ta of the 'phospholipids where the later eluting , 

bands have lower detector responses (measured as B}. 

The concentration ranges used for evaluating ~ 

were narrow. This wa~ because of ,the limited solubility of 

the stand~rds in the chromatographie mobile phase and the 

effect that chloroform, used to~make up the standards, had· 

on the p.c.r. It was noted that sample injections greater , 

than 25 ~L gave a high probability ~f causing, precipitation 
" 

~ 

and blockage in the p.c.r. This effect is ,expected to be /, 

minimized if sodium hydroxide rather than potassium hydroxi~e 

is used for saponification. The .precip~tate .. is most likely 

potassium periodate; its sodium salIt is~"rnorè~soluble in 

organic sol vents. ,.~:, . r 
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Table 5-9: Linear regressi~n analysis summpry of standard curve data for Fig~ 

5-13 to 5-16. 

Detecto~ !ig. 5-

.. 
UV 13 

peR 14 

peR 14 

UV 15 

UV 15 

peR, i6 
PCR 16 

• 

ptandard 
N 

Triglycerides 

13 

13 

Il 

Phospholipids 

9 

la 

9 

9 

, , , . 

'" 

RD = BV + A 

B __ ~ _,/ A 

> 

+ 5· 1~8(+1 ) -3 3.4(_0.63)x10 . • - .44 x10 
-

9.9(±O,74)xl0 8 + -1 3.1(_5.53)xl0 

2.S(±O.10)xl09 -1 4.9 (:I;7.73)xI0-

, 

1.5 (±0.lB)xl06 + -3 4.1(_4.2)xl0 
' 6 

5.3(±0.30}xl0 1.2 (±O.69)xl0-1 

3.8(iO.17)xlO B , 
5.9(±0.22) 

6.7(±O.56)x10 8 7.5(±O.73) 

~ 

','1 

Linear condition 
Coefficient 

0.9391 

0.9918 

0.9976 

' , 

0.97·35 

0.9936 

... 0.9972 . ~ 
0"-.91199 
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\ 

The· concentration range used in this study shows 

the g+eat sensitivity of the post-column reactor. Standards, 

were characterized in the lower nànomole range. 

Evalu'ation of C~DL 
, 

( , 

The detection limits are presented in Table 5-10. 

These values are inversely related to D, the chromatographie '\... 

dilution factor and the values calculated for Table 5-100 were 

based on eluting bands with k' va~ues of between 5-15. The 

most useful kt ranges are from 1-10 (l, page 69) and thus 

these detection limits are realistic if not conservative 

figures. One detector characteristic of inter est and related 
,. D 

to improvement (decrease) in CSDL is the stability of the 

detector baseline. The uv detector, at high sensitivity 

settings, showed sorne drift. This drift is associated ~ith 

''''" fundamental noi~e sources such as long term thermal fluctuations 
\ 

and pressure ehanges. The p.c.r. deteetor on the other hand 

showed no drift and was noise -limited by higher frequeney 

noise. .. 
D The CSDL data ~expressed in units of moles/L and 

correspond to the, concentration of standard in the detector, 

and not the amoun~ injected being deteetable and giving ~ of 

twice the 20 noise. The use Of concentration units is for 

ready comparison of D sinee the chromatographie dilution CSDL ...: 
"2.._"" 

factor is taken into account. The results indicate that the 

p.c.r. detector is at least as 'sensitive as the UV detector 

l, 
! 
\ 

1 
1 , 
\ 
r-

1 
1 1 

1 

1 

1 
1 
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Table 5-10: D Detection Limits (CSDL ) 

T.rig1ycerides 

N UV 

4 Tri1aurin c12 3 x 10-6 

5 Trirnyristin c14 3 x ,10-6 

13 Trio1ein C1S : 1 2 x 10-7 

Il Tri1inolein C1S : 2 2 x 10-8 

Phospho1ipids 

N pc-

1 Dihexanoyl C6 2 x 10-6 

3 Didecanoyl- CIO 2 x 10-6 

8 Diolein CIS : 1 2 x 10-7 

9 Dilinolein CIS : 2 8 x 10-8 

H) . D~linolenil') • CIS : 3 2 x 10-8 

p. c;r. 

4-5 x .10 -7 

1-2 x 10-6 

~ 

'. li 

*Calculated as conce~ration of sample in the detector by ~_ 

d~fined, 20 noise is the noise amplitude in response units 

and Wbase i8 the signal base' wid,th in time uni ts. 
,. 

.. 
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<: ,." 

(1 q 

for standards containing no double bonds. This is important 
, 

if both detectors'are to be used sirnu1taneously ~s in the 

uv 
use of'the value RFlr 

D of a samp1e. ~he CSDL 

for determining the double bond number 

data of Table 5-10 ~an be changed 

from concentration to approxirnatè arnount of standard injected 

by multiplying the given vàlues by 1 x 10-3 , the dilution 

factor of the h.p.l~c. While the resultant values are ~ 

~ppr~ximate, ~ the y show that the p. c • r. detector, as mentionèd 

. in the Previous section, is c,onserv~tiv:ly sensitive to nano.

molar quantities of triglycerides and phospholipids. The 

t;! p.c.r. used here is ,appr,oximately 10
4 times more sensitive" 

" , 

than the continuous flow analyze'rs used in clinical chemistry 

laboratories. 
, uv 

Eva1uation of RpCR and ~lr: n 

uv The expression for RFlr' (Eqn. (5-30» can also be 

expressed as: 

log 2 log .~b + Ca-1, (5-32) 

.., 
-uv ' and predicts that th~·ratio of log RFlr to log Db has a value 

of 2. The v~lues fOr'd~rr ,are sununarized in Table 5-11. 'rhe 

value d log R~~r(d109Db for tri~lyce,ride standards N 10 and 

~1 (3 and 6 double bonds, respectively) gave a va1u~ of 2.2. 
, J' " {l. 

uv 
' Eva 1 uation Of\ fFlr for ph'ospholipids was done using . . ,~ 

"' •• < 'U ' ' 

l~, 

~ .. ~ ___ - ...... _;~ ..... ~-- ~H_ - _ ... -.....:... ...... ~_U;r..,.~~~ ~U'\iMlDIO"ftPW 
' .. --.,.... .. ~ ..... _~-~~-- ~ .... _, ... ~~~_ .... ~~~- ". -~ . 
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t. 
Table 5-ll~ Detector response ratios for triglycerides. 

i-
Triglycerides 

_~'i~ , 
~,,.4 

~/ N . RUV n " Db Flr 

4 Trilaurin 0 
0.06 ± 0.007 (15 ) , \ 

5" Trimyristin a . 
10 Tripalmitolein 

, 
2~98 + 0.14 . ~15) 3 

~< , - . ! 

Il 'Trilinolein 13.58 ± 1.'03 (6 ) 
... 

6 . 
'1 

~ ;.~ \ 

Phos12ho1iEids .... 

~--.J 
.,.. .... , 

~v N lr n Db 
i .. #' 

,3 P:c.-dicaprinoy1 0.88 ± 0.13 (4 ) 0 
~ 

8 P. C. -dio1eoyl 1.42 ± 0.34 (4) 2 
~ 

, 
9 P.C.-dilinoleoyl 6.77. :f: 1.67 (4) 4 

10 ,P.C.-dilinqlenoyl 14.70 :f: 1.96 (6 ) 6 ,1 

~ 
, 

~ .' 
li ',1 , , 

i 
uv 2.36 ± (1.177 log 'Db 0.64 +" 0.105 (correlation 1 log R~lr = -

J J 
coefficient o. 997l). 

1 ;-
, 

'\ 
1. 

rCl ... 

! 

, 
.\ 

~ ----~'C~------~~--- ~ '-
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an alternative graphi~al rnethod,~tting the results of 

~'''t,~~~le' 5-11 i~ Fig. 5-17 and evaluating ,th'e re1ationships of 

log ~lr to log lb by 1inear-regression ana1ysis. These resu1ts 

are presented in Table 5-11. 
uv The value RFlr is a fararneter independent of the 

concentration or chr()matography of the system. This value 

was investigated sinee it is of dia~stic yalue for 
/-/~ 

~valuating the operation of the p.c.r_ compared to the 

cornmercially availab1e UV detector. The results indicate 
~ 

that the p.c.r. is a~ting as a molar sensitive detector 

~ __ ~i-ndependent of th~_ triglycerides
1 
of phos'pholipi~? ~oleeular -,-

----------
specie~ id~tity. Furthermore, the relationship Eqn. (5-32) 

i5/ important in using the UV and ,p. c. r. detectors together 

for total 1ipid analyses. The correlation bet~een log R~rr 

and log Db' 2.21 and 2.36 for triglycerides and phospholipids, 
\ 

respectively versus 2 predicted, is in contrad'iction with 

previously reported ~ll) results, ~here a linear relationship 

was shown without any,theoretical basis. 

The standards used here were,well suited for 
t< 

determination of ~ri ,sinee they were cQnjugated alke~~s. 
.. .. -, 

'The p~edictive value of ~rr will ~ave to be studied in 

greater lieail and for other stanaards be'{ore it can be 

practically applied. 

The p.c.r. detector ls expected to ~ave ~ -'Flr ,n 
f\ • 

independent of sample identity as long as the sample is 

/ 
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/, 

uv Figure ,5-17. Plot of, log RpCR versus log Db for evaluation of 
equation 5-51. 
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trig,lyceride or phospholipid. The peak areas of four 

triglycerides were~~lcul~ted and presented in Table 5-12. 
l " 
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The p. c. r. detector is also characterized as being rela'tively 
.'-

selective for acyl-glyceridesior phosphoglycerides. 

Chromatograrns presented in Figs. 5-14 and 5-15 show the 

difference in selectivity of thé p.'c. r. ta' the UV deteetor. x' 

The data in Table 5-12 ~re predicted by the 

results for ~~r sinee, if RFlr is constant, this pararneter 

is analogous to molar absorptivity and predicted by Eqn:"" (5-32) • 

The p.e.r. response ~1r' when report~d as area, is independent . , 

of thé chromàtograph~' The data in Table 5-12 show within 

',experimenta1 error that the p.c.r. crives the response that 

was expected. Thus the detector gives'the sarne response 

for any triglyceride and half the response for phospholipids. 
~ Q 

The chromatograrns shown in Figs. 5-18 and 5-19 show the 

selectivity of the p.c.r. versus that of thé UV detector., 

The p.e.r. does not appreciably detect the solvent ehloroforrn 

an~ in fact,is abl~ to detect triglyceride c~eluting in 
• y 

the solvel1.t band. Thus the p.c.r. behaves in every._aspect 

as' it was intended to. 
/ 
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\ :li 

" " 
\ # ~ 
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l't' 

.' 

Fi:".ure S'-18. h.p.1.C> of td91yC!eride~~ ~r~Jap~i1i; 
(AI '12.5 nmoles) .'" Trilauri~: ,($, Il.1 rimQlE/fJ) and 

;1'r~palmi1;:.olein (C, ,9. 98"nPlOie,s) using, th~ ,~F77~. at 
,195 ,nm' (UV)· and the p. c.r. ,de1;:.ec~o~. .The ~~ffer~pce 
in occ~ance of the respons'es. i8. ~ue ~o the 'àwell time 

, 

of ,the 'r;>;c:.t'". S i:s th"è chloro,form $Q~-'VeJlt' ",~, .;; 
r,sponse and, I- refe,rs 1:0 w~n s,ample was ,~ndected. 
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Fiqure 5-19. h.p.l.e. of phosphol~pids~ 5-PL of 
mixture was injected .and bands aré label1ed' with 
standard number N., S is the chloroform solvent, 
represents where samp1e was injected • 
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APPENDIX 5-A 

'The ~F7'70 an42'S970 detectors have the, sarne \ae~1gn 

of mono chrome ter • The bandpass (haif-height) was g1 ven in 

TAble 5-3 as 5 nm. The calibration ·of both detectors 

272' 
. , 

monochrometers involved using )aIl atomic line source mercury 

disçharge pen lamp (pen-ra~, Quartz lamp, Ultr~ Violst products, 

Inc. San Gabriel, Ca.). as replacement for the deuterium 

discharge lamp normally used wi th the detectors. The FS970 

was calibrated by removing the low bandpass excitation filter 

(used to eliminate higher orders of the grating) and high 

band pass emission filter. Because the FS970 is a frontal 

fluoresce,nce instrument the pen lamp radiation 1 after exi ting 

from the monochrome ter , was directly detectedo. 
\ 

The SF770 was calibrated by directly monitoring 

the lamp current water on the front of the SF770 electronics 
. ~ 

modùle. When a line source. was detected, the lamp current 

would decreaseo This meter is normally used to judge the 
... 

-total radiation throughput to the photomul tipher tube. 

Wavelengths were scanned by hand and are reported to 

the nearest 005 Dm. 

The expected and measured <>'rnax> for the SF770 and 

FD970 are shown below in Table 5-A. The monochrometers are 

",within""the expected. specifications for the bandpass of these 

units. 
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Tab1e'5-A: Wave1ength calibration of the SF770 an.d FS970. 

. Source 

., SF.770 ,Hg Lines 

,c 

FS97{) Hg Linas 

\ \ 

\ 

1\ 

*Not resol,ved. 

1 
J 

1 
1 

~ . 
\' 

()' 
, ~:;,. 

, . 

,0 

, 
, 1. 

1, 

~ -

'l. 

Expecteq. À (nm)' 

t 

253.6 

289/ .. 4 

302.2 

253.6 

365.0 

404 .. 7 

407 .. 8 

435'~ 83 

~" 

546,.1 

-, 

',' 

Measured À (nm) 

256.5 

292.0 

306.0 

254.0 

369.0 
~ 

407-408* 

~37 .. 441 

-5-50.'0 

t 

.. ' 

\r 
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The research presented herè had as its goal the develop

ment of an "h.p.l.c. detector specifie for triglycerides and 
, ' 

phospholipids. This~goal ~as àttained, but the lonq-t~rm 

goal of a sys~~ foE' total lipid ana ly s,i s' awai ts further 

",development. 1 
\ J By their very nature: prelimilé!'ry inve~tigatlons o,ften 

necessitate ~any inn~o~s. A list'df the innovations 

presented in this thesi follows: , 

\., 

1) ~ ponée9t ~ correlating R:~r ~Q solute unsaturation !E!! 
chromat?qraEhic retention~. The present work lays a firm 

foundation for implirnenting ~urther studies that rnay result in 

a system fo"r the posit:ïve identification of the individual 

triglyceride or phospholipid species that are present in a 

complex matrix. 

2) Detailed studies ~ ~ reversed-phase h.po.l.c., retention 

~ phosQholipids uSing mobile Ehases compatible ~ ~ 
.' ' 

wavelength ( 2Q~ nrn) ultraviolet absorption detectors. 

'J'his was a prerequisi te to the fi-rst claj,.m, and also c,1:arified the ' 
~. 

role of solute adsorption in the reversed-phase moQe. ,.1 

3) '~onstruction ~ '! PhoSPhorus-sen:iti~e transP'or't aetec~o~ ~ !. 
modification .of a ~ommer~iai instrume~t": This detéceto~ wa~\n~vel 

" and further illust;ated the limitations of transport-type 

detectors especia'lly ~when dealing w;ith non-volatile orqanophosphorl.lE1 . , 
, 

~ .'" . " ., 't- ~ 
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corepounqs. 

4) Construction'~ a molar-sensitive post-colurnn reaction 
, 

detector selective fo! triglycerrides ~ phospholiEids. 

The entire unit was developed to be rel~able and easy to '!lse. 

A reliabîe bubbler was als~ developed: The use of a 

fluorescence detector with the segment!ng bubbles passing 

through the ce Il was a1so inovative. This deteétor shQuld 

find extensive use in the field of b;iglyceride and 

p~ospholipid analysis. 
., 

5) ~ prac.tical experimental 'protocol (the stop-~ , . . 
QEtimization Scheme) ~ optimization of continuous ~ 

anàlXzers. This scheMe is novel and shouid he of great aid 

±n automated analysis. 

6) Investiaations on the mechanism of tte N~sh method'and ___ ....... 0:.-___ _ _ _ -- - ---
the Sawicki a:r:d Carnes method for aldehyde anal.ys!s. 

This represents a significant contribution to the field 
Q ,-

of aldehyde analysis since the elucidation of the mechanism , 

of tr,ese two r-eagents led to the develcprnent of a totally new 

class of selective, sensitive, and rapid reagents. -The 
,>,; 

Fluora1s 'ohave -the potential for supercedinq all other 

aldehyde reagents now in use. 
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