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ABSTRACT

\
|

Work on developing an instrumental system for total

analysis of~triglycerides and phospholipids is presented.

Initial chromatographic analysis using reversed-phase high
performance liquid ch?omatography on Cs—bonded, 5 pm silica
stationary phase '‘and acetonitrile-water (and dilute phosphoric
acid with phospholipids) mobile phase is demonstrated. The
Kovats index is shown to allow corre}ation of structure to
reteﬂtlon behavior. An ultrav1ole£’absorbance detector
(A195nm) and novel post-column reaction detector (p.c.xr. )
based on saponification, perlodate oxidation and, derlvatlzaéion
u51ng a new class of reagents are used for detection. The
p.C.r. is shown to be sensitive to samples 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 scme pest-
icides in the lower nanogram-per-injection range. The
aldehyde reagents, called the Fluorals, of which Fluoral-P
(4-amino-3-penten-2-one) is studied extensively, have promise
of being useful for selective, rapid and sen51t1ve (sub-

nanomoles formaldehyde) determlnatlons.
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RESUME
/ ‘ o
- LE travail 'sur le développement d'un systéme

instrumental permettént 1'analyse totale d'espéces moléculaires
dé triglycérides et de phospholipides est présent&. Le systdme
impliquait une analyse initiale par chromatographie 3 haute /
performance en phase inverse sur phase stationnaire de silice
5 um.sur lagquelle sont fixés des hydrocarbures Cer et phase
mobile d'acétonitrile/eau (et d'acide phosphorique dans 1le cas
L'index Kovats £t utilisé pour corréler
La réponse d'un détecteur

de phospholipides).
la rétention & la structure.
d'absorbance ultraviolet (& 195 nm) et celle d'un détecteﬁr
de réaction post-colonne‘(r.p.c.) bas& sur la saponification,
l'okydation et la dérivatisation des lipides flit &tudiée.
Il a été constaté que|le détecteur r.p.c. pouvait détecter des
échantillons dans les régions de nanomoles pér-injection. ’
Un dé&tecteur impliquant une nouvelle combinaison de
détection par transporﬁ et par ionization thermique ffit aussi’
déﬁeloppé pour les c ﬂboség organo-phosphore et une nouvelle
classe de réactifs a déhydes. ,I1 a &té& constaté& que ce
détecteur .Etait ‘capable de détebter des pesticides organo-
phosphorés*dans les régions de nanomoles-par-injection. ' Le ,
fluoral-P (4-amino-3~penten-2-one) qui fait partie de cette
nouvelle classe dé’réqﬁtifs*aldehydes‘appelés fluorals, fat-
étudié extensivement et pourrait s'avérer utile dans les
déterminations fluoroméfriques et colorimétriques sélectives et
rapides des aldéhydes. quflggral-P £ :
la formaldéhyde 3§ un niveau de “3 nanomoles pare injection.,
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PREFACE

R
L
we

Phosphélipids and triglycerides are both major
lipid classes which contain a ‘diverse population of molecular

-

speciés. The analygical techniques normally utilized for
studying occurrence of these folecular specigg are destructive \
in nature and lose much information. The procedufes are

also very tedious to execute. Clearly, alternative methods

afe needed. .

Recent advances in the field of liquid chromatography
have made it at least conceivable that a total lipid analysis
system can be developed. '

’ By combining multiple detection with ﬁigh efficiency
chramatography this thesis lays the foundation for a total

lipid analyzer.

- 'BJC, 1980.
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1. INTRODUCTION

1.1 SIGNIFICANCE OF TRIGLYCERIDES AND PHOSPHOLIPIDS

The definition of lipids as a chemical family can
be based on the purely physiochemical property of solubility
iniorganic solvents. While the field #s diverse, general
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 reseéarch have
alsd been given some\qttention (1,7).

Thig work is'congerned with the development of
Thigh’performance liquid chromatographic techniques for
quantitatfng\the separate molecular species of two members

of the lipid family, triglycerides and phospholipids. The

triglycerides make up a major portion of the body's adipose

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 oOf
these classes of compound§ make up major portions of the
biomass of any organism, are major classes of biomolecules,
and are of at least peripheral interest to most biochemists.
Also, they represent very diverse classes of complex
molecules and are interesting to study from an analytical

- "
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chemistry viewpoint.
1

1.2 STRUCTURES OF TRIGLYCERIDESHAND PHOSPHOLIPIDS

A

The terms triglyceride (TG) and .phospholipid fPL)

refer to the triacyl derivative of glycerol and diacy}

derivative of phosphatidylchoiine, respectively. Recommended

t

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

A
IS4

"Q' C - S
o o'R1 5 oCR]
n ]
Roy o v RE NICH,)

by
N, I

T I.

proposed (2,1{,12) and is Gsed when specifically needed.
The lipids used in this study aré all non-stereospecifically
substituted synthetic and symmetrical (i,e. all R's equal)
molecular species. Thus little ambiguity should exist when
referring to then.

The term "acyl glyceride(s)" is used to mean,
collectively, the mono-, di- and triacyl derivatives of

glycerol regardless of substitution position. Phosphatidyl~

?
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choline (PC) is a member of the diverse class of phosphatides
and was used as a model compound because it is readily
available as a pure synthetic material.
The terms phospholipid, phosphatide andvlecithiqA‘
are used interchangeably and all refer to the general class
éf l,2—diacylélycero-B-phbsﬁho derivatives with the under- N
standing that PC was used as the model. In mgst cases

specific lipid molecular species are referred to by trivial

name and a number identifying the lipid.

1.3 HIGH PERFORMANCE LIQUID CHROMATOGRAPHY

The spectacular advances and acceptance of high »
performance liquid chraﬁatography (h.p.l.c.) as an analytical
tool in thg last ten years has made a discus;ion of this
technique more a review rather than an introduction. The
terminology used in{this field generally follows that
recommended for the closely related gas chromatography by
the American Sociéty for Testing Materials (13)é The )
exceptions are that k is designated:-k' and n by N. A \
review .0of the terms encountered in tﬁis work is presented

as follows.

Review of Terms

It‘is recalled that all chromatographic techniques

are based on the differential affinity of a solute for a

oy 12 e s s
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mobile phase versus a stationary phase. This can be expressed

by the equilibrium partition coefficient K;

Cc

S
- . K= — (1-1)
Cm .

vhere C; = concentration of x in the stationary\phase,

C

I“j" . » .
m concéntration of x in the mobile phase.
g

While K can be determined from extraction data and
applied to iiquid-liquid chromatbgraphy, the wvalue k', where

1

v
s - -
- . (1-2)

X' =K
(Ys and Vm are the volumes of stationary and mobile phases
Fespectively) is’ of more practical interest. The valuwe k'
is termed the capacity factor, capacity of the statioﬁary
phase versus mobile for a given solute.

-

Another way of expressing k!- is.
- S

t.-t v v )
k' = P;: or k' =20 (1-3)
o o o hid
. tp = Retention time of solute, i.e., time to elute solute
‘ from column. . -
t, = Retention time fbr unretained solute, or the so-called

void volume, the time reguired to elute one column pluﬁ
L -




Fl - .

‘mixture. For k' > 10 time of 'elution may be too long (14).

oman o o e VU ORI U

"

- fittings volume of solvent.
\,

N

o

Vg = Retention volume calculated from tR.v?\v beiﬂg flow rate
of solvent. [
V, = Retention time of unretained solute or the actual void

volume. "~ - .

It is important to note that k' is a measure of -the partition-
v
ing of solute between stationary and mobile phase relative

to time units, or

PR
)
@ »

k' 0, solute spends all its time in the mobile phase.

{1

k! 1, solute is equally partitioned and spends half iis

_time- adsorbed to stationary phase and half its time

in the mobile phase.

g v L .

b s
e

P

~

The values k' = lgto 10 represent the optimum k'

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

P e

L Another parameter of importance is R, resolution

between two eluting solute bands. Since time and separation

ability are of iﬁportance in any chromatographic system, R

as well as k' must be described. R is defined as

t. -t s
R= 12 .
(
3 (wy-w,)
] e ‘
Y
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. N = 16(tR/wR)2, tR again retention time for solute R and w, .

g T .

1
respectively)‘of interest and Wy and wzxtheir respective

vhere t and,t2 are retention times for two solutes (1L and 2,

baseline band widths.

e

To' effectively evaluate one's chromatographic system
s . -

(i.e. the column) the number of theoretical plates N, where

R

¥ .,

: 1 N . '}dv‘;
its baseline band width, is of practical importance. The

equation for N given above"is-A convenient method for
-estimating the overall efficiency (resolution, time) of a
system. o

]

A further quantity is

14

(1-5)

]
3 a
®
"
=
NERC

N ) L
the ratio of two solute capacity factors (note: base width

-

not accounted“for) which describes the differential ¢

selectivity of a given solvent-stationary phase system for

two»solﬁtesm
The terms k', o and N all contribute to the central
4

objective of chromatography, solute separation.. The measure

of separation of two bands.is their resolution, predicted

by (15) ‘ T

) '~ o

(

(1-6)

- ‘X’Q v ) -
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(* which'states that greater resolution R can be attained :

between two solute bands by increasing N, increarsing o (note

a=1, R=0, a term~+ 1 for ¢ + «) and increasing k' of the

secogd (last) band. .

The N term represénts hydrodynamic efficiéncy 'which
can be increased by increasing c91umn length L (a linear
relaj:ionspip, slope unity) or~ decreasing mobile phase velocity
7 (from the \}an Deemter equation (16)) directly or changing the

column packing and mobile phase viscosity.

o The selectivity term (a) represents different
seléctivity of the mobile or stationary phase for a given pair
of solutes. It does not f::on'sider bax:xd width‘since it mereiy

\ describes solvent selecti/vity and N is reguired to determine:

true resolution. /

The capacity factor ') term represents the solvent
polarity in an overall s{énse since changing solvent polar\i:tyo
usually results-/in overall changes in k' for all solute
peaks. This is in contrast to changing solvent selectivity,
where one band k' is moved with respect to the other band k'.,
The net result of this is the change of a, a meas)tire of
- , solvlent selectivity.

The usual steps involved in developing a chromato-
graphic separation are to find the righ1\: solvent polarity.

to bring the solutes 0ff the column in a reasonable amount

of time (k' < 15), then either v;ry solvent selectivity

k] ! o
Y v
E .

| A ‘ P
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while leaving polarity constant ot increasing system
ef‘f_iciency by ir;creasing N. In this study the chromatographic
- ﬁéhavior of TG and PL molecular species rather than anir
given separation was studied. Examples of specific studies

3 /
are presented in Chapter 4,

A final topic is the two types of chromatographic
modes, reversed-phase and normal phase, used in this work.
The normal phase mode involves a polar stationary phase ‘ 2

and less polar mobile .phase. The stationary phase used

routinely is silica or alumina. The term "adsorption
chromatography" is a;lso used to mean the normal phase mode.
In the reversed-phase mode the stationary phase is less
pelar than the mobile phase. Thus typically a silica support
onto which is chemically bonded n-octgdecyl or some other
alkyl moiety is use;i as station?:lgy phase, and aqueous alcohol

or acetonitrile mixtures are used as mobile phases. Normal-

phase is characterized as useful for separations of lipid
classes while the reversed-phase mode shows selectivity based

! on the hydrocarbon substitution of a lipid class and thus

A\

is useful for molecular species separations. The reversed-

e
phase mode is used extensively in this work.

1.4 THE CHROMATOGRAPHIC SYSTEM

. A schematic representation of the components and

s . ~ .
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their interrelationship in h.p.l.c. are shown in Fig, 1l.1.

/ The basi®c instrument utilized the same.eluent reservoir,

pump;, pressure gauge, injector and recorder, regardless of

the general -application or chromatographic mode used. The

main exception to this is when using the system for

preparative isolation: this involves scale-up of all

e e g e e - s — R

components. The column and detector are the most variable
of components and are chosen to match the chromatographic
mode (reversed or normal-phase for column) and solute-mobile

phagé (this with respect to the detectors compatability

~

with both). ‘ . : -
In this work the chromatographic detector is of

greatest interest because 'it is normally the limiting component

in the system. For instance, the chromatography of most
“éémpounds is easily accomﬁlished but adequate detection to
'the desired sensitivity is usually difficult. Lipids are

a prime example.of detector limitations because as a class

tgey lack physiéchemical properties such as fluorescence,

absorbance or electrochemical §ctiv1ty to allow éasy

detection by commercially available detectors. Some aspects

of detectors of interest in this wo;k\are as follows.

-

Chromatographic Detectors

/ What is meant by a detector is anything which is

used to monitor the effluent of a chromatographic system.

\
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‘Detectors have characteristics which can be described by certain

terms and the concepts they represent. Since no accepted _

~

terminology is used in the field, the following relates only

- Ny .
to this specific work. Gengral terms used to describg

\ ;
detector performance are found in two books on detectors (17,; ;
18) . A f
. Selectivity (Rp) \ ;
Selectivity is the terfm used to describe the

[ .. detector's responsiveness to different compounds. It is J
thus a measure of relative sensitivity of the detector and a L f

rectilinear plot of detector response to amount of solute has a

1; siope that “is one measure of selectivity.

D
Sensitivity (CSDL)

\

Like selectivity, sensitivity is a measure -of the
détector's responsiveness to different compounds. SeﬂsifibiﬁQ
however is further defined by the ability of the detector

to measure low amounts of a compound, the so-called "lower=-

detection limit". This limit is defined by the detector's
response (dependent on the detector selectivity) and noise

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

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

to~noise ratio (SNR) of \2. -

Linear-Dynamic Range

The upper concentration range is, the upper. detection

limit and the concentration extremes between the upper and

( 5 A
i »
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lower limits delineates the detector's linear-dynamic range,

The upper detection limit is defined by when detector

selectivity deviates by % 5%. Thus a rectilinear plot of
signal fo concentration above the upper range is non-linear.

In this work noise is defined as detector output
which is not due to controlled input into the system. The
features of noise are frequency, amplituée énd‘purity.

Npise is best classified in the frequency-purity context.

a) 1/f noise: noise at .very low frequency whose
amplitude varies as l/f. The alternétive terms of drift and
flicker apply, as well as pink noise.

b) white noige: noise that has équalﬁpower through-
out the entire frequency spectrum. This noise is also
called background or, in discrete sampling, sigﬁal blank,

53 interference noise: noise with relative
spectfal‘purii;iin that its main.power is centered within a
narrow frequency\range. This noise is often easy to‘giagnose
becaﬁse it can be correlated to some external source 4
(example is 60 Hz line noise) but may be difficult to locate
if internal in origin (example due to electronic component
interactions generating unwanted harmonics).

Noise can be measured in a variety of manners. In

this application baseline peak~to-peak noise is used. The «

f

’
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amplitude of this type of noise is measured directly off

‘a detector output amplitude versus time trace. Two parallel

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

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

referred to as 20 noise. An alternative SNR can be calculated
-

from the mean 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 2¢-noise

in the frequency range less than 1 Hz. Band elution
normally takes from 10-100s (0.1-0.01 Hz) and thus 1/f and

periodic interference at low frequency are a major concexn.

[

1.5 THE ANALYTICAL METHOD APPLIED HERE

The objective of this workjwasﬂ to develop an
analytical system based on chromlét;;agraphy and on-line
detection for quqntitating, at Ei'ze nanomole level, the
separate TG and PL molecular species. Because of the diversity
of lipid meclecular species and the desire— to quantitate
them intact, high performance liquid chromatography
was required. Also detection as molar quantities of

matérial eluted from the chromatographs was desired. This

"molar sensitive" detection has the advantage of not requiring
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detector calibration for.each molecular species. The entire

LGS

separation-detection system was also envisioned as having
N .

information gathering ‘capabilities sufficient to allow total

-

characterization of the TG or PL sample: Thus, ‘the molecular

PP—

species present and their molar quantities could Be detern%‘ned.

oy

! With reference to the TG and PL general structures,
\

it is seen that\R determines the identity of the molecular

species while all TG's and PL's have glycerol and glycerol-3-
-

phosphate in cgm\qr\on, respectively. Thus dual détection,

¥

one_ to detect R,\\the other the glycerol qr phosphoglycerol
moiety (the molar 'sensitive detector) , was needed. Also,
since retention behavior in the reversed-phase chromatograph
contains information on'R, the h.p.l.c. of TG's and PL's
was studied.

The chromatography of\']Q‘and PL wés first examined
in Chapter 2, to test the usefulness of h.p.l.c. and to
aid in dete‘ctor.design. Following this, two detectdrs,
one based on detecting the substituted orthophosphate of
PL (i.e. only sensitive to PL, Chapter 3) and the other on
detecting glycerol or phosphoglycerol (Chapter 4), were

developed. A commercially available ultraviolet absorption
[

detector was also evaluated for its usefulness in determining
the degree of unsaturation of R, an aid in assigning molecular

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

e
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§ combining the chromatography and detection methods. Since
i ‘ , ‘
§ this work was concerned with apalytic .instruwental development,
k = i3
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fo applications were not included. o
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"2. THE REVERSED-PHASE CHROMATOGRAPHIC BEHAVIOR

S,

A OF TRIGLYCERIDES AND PHOSPHOLIPIDS

2.1 INTRODUCT ION

The use of chromatography for the class separation of
lipiéis usually .follows a separatfion from non-lipid material
based on the extraction method of Folch (1). After this
method is applied, chromatographic techniques involve samples
in their native or chemically modified form. In the former °
;asé the selectivity of the chromatographic technique and
natural physiochemical properties of the sample determine
the success of the procedure. In_b\the latter case the chemical
nature of the 1lipid sample is mo;e fully exploited to aid in

the separation. Chemical treatment is also done to enable

the use of a specific method (such as the esterification of

- . fatty acids prior to gas liquid chromgtography) or to aid

in detection after chromatography.
An example of chemical treatment is in the separation

of three closely related phosphoglycerol derivatives, the

‘plasmalovgens (1-alk-1'-enyl-2-acyl-), l-alkyl-2-acyl-, and

N
\
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 coystituent.

Some acyl migration occurs (3,4). Acid hydrolysis on the

o
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&
other hand enables separation of plasmalogens (their vinyl

ether po;:tions) are very acid labile) from the diacyl
phosphatides (5). Base hydrolysis (saponification) or
metholysis (transesterification) also enable separation of
the diacyl phosphatides from the base-resistant sphingomyleins
(6) and plasmalogens (7).

Unmodified 1lipids can often be separated by class
using thin-layer - chromatography (t.l.c.) or column chraomato-
graphy. The first separations of PS from PE (8) and PC from
Sph. (9) used basé—modifi“ed silicic ac:id columns. Many .
variatiogs on multiple development in t.l.c. using silica
(10,11) or 2-dimensional develbpment (12,13,14) have also

appeared. Molecular-class separations were also greatly

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

»
p

(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
flexibility of containing for easy inspection the efitire

capacity of the system (k' of zero to infinity). Also, the '
options of reversed-and normal-phase, multiple developmené,

\

etc. and the. wide choice of general or specific post-

separatlon chromophore develkaplng agents make this technigque
§

very useful.

The introduction in the mid-1950's of commercial gas
5 s .

o
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chromatographs allowed rapid gquantitation of the erl poitions

of phospholipids and glycerides. Recent column developments .
-~ -~

have enabled determinations of underivatized fatty acids

N

- ® ,
and even moderately high molecular/weight glycerides (19).

“y

The use of gas chromatography for fatty acid analysis is not

likely to be superseded in the near future since tﬁe field is
©

still under active development (20,21).

Because the general trend in analysis is towards
more dutomated and sensitive tecﬁniques, since 1970, high
per?ormance liguid chromatography (h.p.l.c.) has develeped

_at a épectacular réte.’ This techniéﬁe is well suitedafor
lipid analysis, being ﬁsgful for highly polar and non-volatile
compounds. ’Instrument aevances have mg&é molecular species
separations possible with shoftranalysis times. This type
qf‘advance can be ili@strated by example. In 1956 Rhodes (
and Lea (22) showed that "enrichment" of the more unsaturated
phesphatidylcholine of rat liver occurred in the column
chromatogm®aphic band on silica. This behavior was opposite

“to what was expebted since unsaturation tends to increase
retention. What/was found was that unsaturation was accompanied

a

by an increase in acyl methylene group number that more than

ccmpensated for the unsaturatlon effects. Recent work in
trlglycerlde analy51s has led to the ability to totally

separate, in the normal phase mode, glycerldes according to

chaln length or dedree of satqratlon‘(23). This typé of o
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. separation was normally only accomplished in the reversed-_
~—y i = o
> phase mode, with band enrichment seen in the normal-phase

- . 1 ‘1
§ ) mode only under the unusual circumstances‘*‘gound by Rhodes

£ »
The difference between the classical column method

and Lea. ) ’

e R A R Y

of Rhofes and Lea and the newer methods of h.p.l.c. is in
column technology. With greater chromatographic efficiency
the need for chromatographic diversity is diminished. While
h.p.l.c. is not likely to be a total lipid analysis system,

; it is a step in that direction. A recent review on routine
tecl'.miques used in lipid research laboratories (24) will have

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

v AR o

advances in column-téchnology.’ \
i - L .
’ )

I
-

2.1.1  Modern Aspects of Lipid Separations
; 7

v ?
Ty

, The h.p.l.c, of triglycerides and phospholipids
4 - ~

P R T

P e o

can be grouped as éither i.z.oncelf;xed with molecular species
; or class separatid;xs. Molecular species are usually
éeparated using the reversed—-phase mode while class separations
ot are done usim; 1—:he more familiar normal-phase mode, a-direct
extrapolation from adsorptic\m ch{:omatography used since the
§ . 1930°'s. |
] Two very compikehensive reviews (25,26) on lipid

analyWis using h.p.l.c. have fecently appeared. The
/

\{\ : ‘separations accomplished w:{th the column technology used in

;\ ) . s
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the reviewed studies were

complete class'separation of neutral and polar 1lipid was

demonstrated.

been applied to PL class separations.
a commercial preparative instrument has been given for
purification of egg lecithin (28).

The molecular species ;eparation of triglycerides
in the normal-phase mode has been mentioned (23).
complete separation of TG molecular species has been done
.using reversed-phase h.p.l.c. and in one case with solvent
selectivity enhanced with silver salts (29),lseparaéions of
cis-trans isomers were possible. [

Separation of lipids must be discussed in éhe context -

of detection since this is a main source of instrumental

limitation.

(195-205 nm) ultraviolet absorption detection (30,31,32)

in the normal-phase mode for phogpholipid 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 auﬁooxida@ion of linolenic acié (34,35). i ‘
- Usually the refractive index detector (RI) is preferred in

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

transparency. of most solvents used for lipid analysis (notably

chloroform).

Detection problems have led to some novel detector -

/ R -
Y

/
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impressive since in most cases

The use of Simplex optimization (27) has also

Most recent work has utilized low wavelength
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One application of
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developments such as ligquid chromatography —mass spectroscopy
{39), infrared absorption (40), and the transport—flame
ionization detectors (25,41-44) investigated in Chapter 3.
Pre~column derivatization of PE and PS to their biphenyl

carbonyl derivatives (45) or fatty acids to their p-bromo-
phenacyl esters (26) or phenylacyl este;s (46) have also

been used for detection at 254 nm, a commen detection wavelength.

When the lipid of interest has ultraviolet

-

1

absorbance such as sorbic acid triglycerides of aphids (47),
the detection problem does not exist. Only some of the lipids
studied in this chapter had ultraviolet absorbance (at 195-
210 nm) and thus both the refractive index and ul@raviolet
detection methods were used. fLChromatographic mobile-phase
selection was purposely limited to those which were ?ltra-
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 occurring in reversed-phase
h.p.l.c. have ranged from fundamental, to semi-empirical
and empirical in nature. The fundamental studies have

attempted to develop methods for a priori predictions Jf

solute retention behavior based on physio-chemical relationships.

Notable amongst these attempts are those of Horvath and

T
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C ‘ ' ‘
co-workers (48-51) and Riedman (52). Other approachgi are
based on the solubility parameter concept of Hilde:r brand
and Scott (53,54); a useful review of this concept is
presented by Barton (55). Recent attempts at'simplifying
the parametef approach for h.ﬁ.l.c. (56,57) has done little

“te actually aid practicing chromatographers.

A more useful approach involves the alternative
empirically derived methods. fhese have the advantage of
being easily related to the well established Kovats Index
(5§,59) used in gas-liquid chromatography and further give

- pf;dictive informationiwithéut great effort on the

chromatographer's pért. The Kovats retention index (58,59)

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

logk' = BI + A ’ (2-1)

e

V2 Vo

Vo '

where k' has the usual meaning of

) \
B°'= slope of the Kovats retention index parameter,

a measure of the selectivity of the system.

I = 100 n where n is the carbon number (number of
methylene groups) in the standard series (usually
n—alkanes‘or alcohols, ketones, etc.).

A = system characteristic, a measure of the capacity

factor of the system and thus its overall polarity.
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When -a chromatographic system has been characterized using.
the Kovats retention index, any other compound D can be
indexed using Egn. (2~1) or,'with appropriate standards, by

the equation

100 x logk'D - logk'
= = Togk'_

n \
Togr + 100n (2-2)

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

k'n s_k'D 5'k'n+x' In gas chromatography, I wvaries

approximately 30-60 units over a 100°C temperature range (60)

. and is thus not constant for wide ranging conditions. o

When appiied to h.p.l.c., Baker a?d Ma (61) showed
that the use of Kovats index can be very useful and regardless
of Fhe class (hydrocarbon, alcohol, ketone or carboxylic
acid) B was approximately the same. Experimentally derived
relationships were that I decreasea~18 per 10% increase in
methanoi and reélacing methanol with acetonitrile reduced k'
by approximately 50%. The overall effects of increasing the

-
organic content of the mobile phase was thus a decrease in
the free energy change associated with each methylene group
in the chromaﬁographic process. This effect was, as,studied

AN .
by another group, also approximately proportional to the

-

4

amount of water in thé mobile phase (62).

‘Other uses of the Kovats Index in h.p.l.c. involve

AN
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n-alkyl homologous series. 1In a study of argentation-h.p.l.c.

work on C; g .4 and Cla:z triglyceride isomers, in the context

of changing I by addition to the mobile phase of silver salts,

showed I could be greatly changed by mobile phase variations.

) ' The role of mobile kphase in RP-h.p.l.c. has been

given some attention in recent years and can be fitted intq

the framework of the Kovats index. ‘A general paper (63)

on developing a "Elutroﬁic Series™ for RP-h.p.l.c. sgowed

that the Kovats index relationship held for n-alcohols and

phenol on both Cy and C18 séatiénary phases and in this :

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

to be approximately independent of mqbile—phase composition).

Using the slope B of the Kovats inde% as a general

measure of selectivity of a golvent with methanol, acetonitrile,
— ethanol, dioxane, 2-propanol and tetrahydrofuran as so;yents,
and n-alkanes, n-alcohols, ethers, eéters,\amides and
ketones as solutes, Hoffman and Eiao (64) showed that
acetonitrile ga§e the greatest B and thus was the best solvent
forﬂisocratic elution work. A trend in the mode of separation
from reversed-to normal-phase was noted as the solvent
series went from mefhgnol through ethanol to 2-propanol.
Mixed mode retention was seen especially for amides and
alcohols. In fact, using thg same mobile phaseslas in their
reversed~phase studies, they showed that significant fetention

occurs on the silica stationary phase for the two classes

-
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ik
of compounds. '

Since the Kovats Index is very general for homologous
series studies and especially systems having n-alkyl
substituents, some work on triglycerides and phospholipids
has been interpreted by a similar index. A very recent ﬁork
(38) én PC involved the use of a parametef called E.C.

(effective carbon number). 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 I. The value E.C. was used because
the authors were‘concerned with molecular species'of PC
coptaining varying degrees of unsaturation. They subtracted
a factor of 1 E.C. (i.e. I = 100) pex double bond in the
acyl partion of'the PC species and noted reiatively close
agreement with retention expected for saturated molecular
species used as sténdards.

The analysis\of triglycerides (36) in acetonitrile-
acetone mobile phases on a Bondapak 018 column has also been

studied. In this case a correction for double bonds of

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

= I-C N ) (2-3)
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Icorr. = Icorrected as experimentally deriYed.
I = I for the parent alkane.
Ndb = Number of double bonds in the compound of
interest. ~ -
C = 200 I.

2

doam H

In this chapter the reversed-phase h.p.l.c. of triglyceride
and phospholipid molecular species using Kovats indexing will

' £

be attempted, with particular interest placed ‘on the double,
bo?ds' effect on L
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 presext
study dual detector of absorbance in the region 190-200 n
and refractive index is accomplished using mobile phases
normally avoided. This was possibie since very small (nano-
molar) gquantities of sample and high column temperature

/,/”’“IT;iiminated most solubility problems. Some limitations on
sample size were noted, butfthe chromatographic system used
was developed primarily for use with a novel. detector

described in Chapters 4 and 5 and the sample size limitation

was required.

e e A
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2.3 EXPERIMENTAL

2.3.1 Instrumentation

-

The chromatographic system used in ‘this study is
schematically represented in Fig. 2~1. A Waters 6000A solvent
delivery system (P), U6K injector (I) and differential
refractive index detector (Dz) model R-401, all from W?ters
Scientific Ltd., Miésissauga, Ontario, and a laboratory
designed column (C) and Schoeffel SF770 variable wavelength
detgctor (Dl) from Schoeffel Instrument Corp., Westwood, N.J.
was used.

The 6000A pump unit worked on the basis of constant
flow (0.1-9.9 mL/min) delivery of liquid against pressure
drops up to 6000 p.s.i. Delivery rates of the pump, measured
using a volumetric 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 teo have
between-run flow varience of less than 1%. Retention data
were usually reproducible to standard deviations of less than
1% between runs.

The injector (I) was found to be reliable once
familiarity‘with its 6peration was gained. Injection

reproducibility routinely had a relative standard deviation

Aoxtme v eaen = = ST MR N e r T Tl R AT 4 B Rk R a0
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Schematic representation of the h.p.l.c. experimental .

ure 2-1.
b See text for explaination of abbreviatio -

system used.

[
» -
~

e

A . B .

0.2] ) * ' ’
AU ~

— -M
0 1o 20 3 0 1o .2 30
VoL, (ML) \

Figure 2-2, (A.) Separation of a) Cy18.3¢ D) Cigs2*
and c) Cyg,; triglycerides, 250 ugm '

of each per injection. Methanol flow rate_was
1 ml/min using the Altex 10-um particle size column, ———
(B.) Same as for (A.) except the initial portion
of the separation was run at 30°C and then stepped
as indicated by arrow to 600C,

LA
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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

width bandié;;s source passing through two 8-uyL, 1.0-cm long

flow cells (reference and sample). Maximum sensitivity

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

The refractive index detector R-401, optimized for
high efficie;cy seﬁarations by using 0.009-inch I.D. inlet
tubing, could be used from flow ranges of 0.03-20 mL/min.
The detector contained two back-to-back 45° cells which had

poor wash out characteristics and outlet tubing of large

The nominal detector signal range
6

diameter (0.040" I.D.).

3

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

depending on the attenuation used. This detector worked on

the principle of differential refractive index changes

between the two cells and had an absolute requirement that

ST
7

the reference -cell be filled with mobile phasez’ Once turned on

the unitsrequired at least 2 h to reach thermaﬁ equilibrium.

The columns used varied from commercial to in=lab

. TN

designmeéd systems. The lab-designed columns aée\desc%ibe&
T

e e

in detail below. The commercial columns used were/ﬂaﬁ?rs

U-Bondapak ODS (C;g, 10 um, Waters Scientific), Altex

LiChrosorb Cig 5 WM (10 x 0.32 cm) and an Altex LiChrosorb

.C 10 ym (25 x 0.32 cm, Aviaﬁioq Electronics, L%d., St. Laurent,

18

&
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The lab-designed columns were made of S.S; 316, 2-mm
I.D. standard 1/4"-0.D. tubes 5pecia%iy honed and polished
for this application. The column outlet frit was a stainless
steel (S.S.) 316,\nominal pore size 0.2 um, 3.0-mm by 1.65 mm
disc, force fitted into an equally thick S.é; 316 collar
6.20 mm in diameter. This assembly and the’ inlet digc were
maintained in place with 1/4" Swaglolé3 fittiﬂés modified .-
to hold the unit with no dead volume. Standard’compfession
units and ferrels were used to secure connecting tubing to
the column. . .

The column inlet was modified to be low dead volume
by adding a spacer disc of identical dimensions as the exit
digcy No inlet frit was used and the center of the disc
contained a .015" diameter hole bored through. This inlet
design decreased dead volume by allowing the column connecting
tubing from injector to butt dire;tly against the entrance
disc.

The columns were packed with bonded phase_c6 5 um
silica (S§*6, a hexyl stationary phase on 5 um
épherical silica support from Phase Separation, 255 Oser Ave.,
Hanppage, N.Y.)-using the equal-density method (653. This
involved suspending the facking in a degassed 1l:3 isooctane-

chloroform liquid phase and- immediate packing into tﬁg column

o
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at 12,000 p.s.i. ‘ r

) Thé columns were thermostated with wgﬁsr to 60 * l°é‘\\
using ; lab-designed water jacket. In the reve;sed—phase mode,
there is an absolute requirement for maintaining cod umn
temperatures isothermal.

All solvents were degassed using the helium displace-

ment technique (66). This was eﬁsential when using elevated

o column temperdtures to prevent degassing of the moblle phase -

\\\\\gt the column exit. Also:\aégassiag has .been reported to

exteﬁa\column life (67) and,when using a"f}uoggfcence detector,

Temperature changes in the solvent system were
observed as a baseline shift in the SF 770 detector. ' The
post-column~to-detector connecﬁﬁgmﬁas thus thermostated using
an ice bath to minimize long~term baseline drift associated
with heating bath cycling. ‘\

+

2.3.2 - Materials

Solvents used for the mobile pﬁasgs were spectro-
grade methanol (American Chemicals, Ltd., Montreal, P.Q.),

. \ o ]
LiChrosorb acetonitrile (British Drug House, Montreal, P.Q.)
and double distilled (in glaésy‘water.‘ The acids utilized

were from American Chemicals, Ltd. (Montreai, P.Q.)'while
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~q;ethyl phosphate was purchased from Eastman Kodak Co.

*

(Rochester, N.Y.). .

The lipid standards were purchased from one of two
sources. Acyl glycérides and fatty acids or their methyl
esters were obtained from S}gma Chemical Co. (St. :.Louis,
Missouri) while the synthetic phosphatidylcholines were
purchased from Serdary Research Laboratories (London, Ontario).
The\ligid sgandards were cerﬁified by thé'm;nufacturers
as being pure by t.l.c. (two mobile phésgﬁinand were found by
h.p.l.c. to be free of any extraneous maggfial. The exception
to'ﬁhis was the sample of PC-dflinolenoyl whﬁéh charactef- ,
isticallf contéined low carbon number autooxidation pro&ucts,
a sﬁbject of some interest in the lipid research field -(34,35)
since these products are a;sociated with r;hcidity of oils.

- The lipid standards were dissolved in chloroform-

methanol to give standards with concentrations in Tables

‘ r

2-1 to 2-3. Amounts injected and chromatographic conditions

¢ s

varied and AEg;preseﬁfEE/zh the text.
o i

All mobile phases were made up volume-to-volume to
1% of the stated value and those using polar modifiers were
made such that one modifier was added directly to the prepared

-

agueous-organic solution. The only exception was the case
of triethylammonium sulfate (Eastman Kodak) where a 0.1%

B he ) ST

(v/v) suspension of the amine in water was acidified to pH

2.10 with conc. sulfurie acid. .This solution was used to
- e - L}
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; Table 2-1{ List of triglyceride standards, their acyl carbon
% : ~humbers, trivial hd systematic names, and Kovats
i L index of the saturated samples. ‘
: -
i -
% ; . . .
¥ N TN ACN:D, acyl I
& - .
° 1  Tricaproin '  Cq n-hexanoic = 1800
: *2 Tricaprylin Cq n-octanoic ’ 2400
: 3 Tricaprin Cyp n-decanoic : ‘ - 3000
g 4 ?rilgﬁziy "C12 n-dodecanoic . . 3600
. 5  Trimyristin” 14 n-tetradecanoic - 4200
. 6 Tripalmitin Cis. n-hexadecanoic 4800
& g
) 7 Tristearin . C1p » n-octadecanoic’ . . 5400
g 8 Triarachidin C20 n-eicosancic \ 6000
? 9 Tribehenin C,, n-docosanoic 6600
; ' . 10 Tripalmitolein C,y..4 cis-9-hexadecenoic
% . 11 Trilinolein Cig:2 cis,cis-9,12-octadecadienoic
g' 12 Trielaidin C18-1 £ trans-9-octadecenbic
- 13 Triolein ) Cig:1 ag Ccis—9-octadecenoic
k .14 Tripetroselinin Cig:1 46 cis~6-octadecenoic

15 Trierucin ’ Coy.g ‘ cis-13-docosenoic

N = standard number.

TN = trivial name.
e . B

ACN:Dy = acyl carbon number: number of double bonds (D), t =

T 7 trans, all-others are cis, 13 and 14 are isomers A9 anq

»

5 A6 double bond placement.

’ i
~ 2

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

w

I = Kovats retention index.-.
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, E _Table 2-2: List of phosphatidylcholine (PC) standards,
: their acyl carbon number, trivial and systematic
;
P -~ names, and Kovats index of the saturated samples.
? , '
i —
%‘- ! i
{ N TN ACN:Dy acyl B |
i
: 1 Dicaproyl lecithin Cg n-hexanoic 1200
. 2 Dicapryloyl " Cg n-octanoic 1600 4
5, 3 Dicaprinoyl clO n~-decanoic 2000
g ' =
. 4 Dilauroyl s n-dodecanoic ; 2400 \ ;.
b1 k-
! 5 -Dimyristoyl Cig n-tetradecanoic 2800 ©
2 . ) : :'
ﬁ' . . 6 Dipalmitoyl ‘ Ci6 n-hexadecanoic 3200 -
g 7 Distearoyl 018 . n-octadecanoic - 3600
i, : )
E 8 Dioleoyl Cig:1 cis-9-octadecenoic
4 4 .
£ 9 Dilinoleoyl R Cig:2 cis,cis-9,12-octadecadienic
1 10 Dilinolenoyl Cig.3 cis,cis,cis=9,12,15-
. octadecatrienocic

AN .
£
3

‘w k] -
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§ Table 2-3: Molar concentrations of the standards (N), listed
§ \ in Table 2-1, used in these studies. Samples were é
g dissolved in chlo;oform—meth;nol.ﬂ Details are .;
% presented in the text. 3
; Triglyceride Concentrations Phospholipid Concentrations 3
A N ’ cone (M) x 103 N conc [M] x 103 ;
i 1 10.3 1 1.0 °
% 2 - 8.50 2 9.77
3. 7.20 3 8.79
% 4 / 6.26 4 8.46
: 5 5.53 5 - 6.76 - \
6 4.95 6 6.88 N »
7 4.49 70N 11.3 3
g 4.10 -8 ‘ 6.34 ‘
5 9 3.77 9T 6.37
; 10 4.99 ©10 6.40 .
k 11 4.60 | |
. ) ~ ! 1
12 4.50 B
13 ' 4.50 o ’
14 . 4.52 /’//_/f”/ R \
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make up the 95%/aqueous methanol mobile phase.

2.4 RESULTS AND DISCUSSION

v

2.4.1 Preliminary Study and the Adsorption Role

-4 |

The separation of trigiycerides can be accomplished
with-high efficiency as shown }n Fig. 2-2a, vhere equél
amounts of trilinolenin (tri—C18:3), trilinolein (tri~C18:2),
and trioleiif(tri4clezl) were injected into a mobile phase
of methanol. Figure 2-2b shows the same sample injected
undé; identical cenditions except that the initial portion.
of the separation is run at 30°C and then stepped to 60°C
to increase both resolution and efficiency without loss 6f

. Y
time.

The plate count realized for a typical 10 um
reversed-phase packing for tri—Cgafs was medsured to be as
high as 16,000 plaies/meter and typically greater than,
6,000 plates/meter.

N When usipg similar mobile phases for determination
of phosphatidylcholines, very low efficiencies were obseryed.
This is illustrated in Fig. 2-3 for acetonitrile and methanol
mobile phases. The PC-Cls:3 is either completely'retained
on the column (A) or tailed severely (B). '

Figure 2-4 illustrates a more dramatic example of

the problems found with PC samples. In Fig. 2-4a a mixture
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Figure 2-3. (A.) Irreversible retention of 50 ugm ’ v ML)
PC'CLB;J using acﬁt:nitrlle as mobile phase,. Flgw oL. (M -
_xate was mL/min using the Altex 10-um particle - -
size coltmn. (B.) Same as (A.) but using methanol ::g“;:ofeiﬁ (é?f i??‘ﬁ:ﬁiﬁ"bzﬁa: 3i;§§f§n:f PC1ann

as eluent. degradation products of diolein. Mobile phasa 95% aqueous#

. . methanol-diethylphosphoric acid, 1 mL/min using the
S5-um Altex column., (B) Identical to (A) except
phosphoric acid is eliminated from the mobile phase.
(C]” Chromatogram of the fraction collected when . w
- . switching to 395% aqueous methanol-phosphoric acid, O
1 mL/min, Band (a) corresponds to PC-Cig.1.
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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 comparin.g the two chromatograms it is appa;rent
that peak-for-peak every component except for phosphat-
idylcholine dioleoyl is present in Fig. 2-4B.

When switching from the mobile phase containing
diethylphosphoric acid to that lacking any mobile phase
modifier, no baseline shift corresponding to an Leluting band
is seen. However, whén changing solvent systems in the
reversed order after injecting PC samples into the "aqueous
methanol mobile phase, an eluting 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-
0.1%-phosphoric acid mobile phase; the chromatogram Fig. 2-4C
shows the corresponding PC sample (highly diluted). fjn these
stﬁdieé diethylphosphoric acid and phosphoric acid were .
found to be interchangeable with respec£ to eluting off lost -

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

were nearly identical for either orthophosphoric acid or

diethylphosphoric acid as modifiers and were 0.39 versus
0.35, respectively. -
To increase the reversed—-phase chromatdgraphic

efficiency of PC, other modifiers to the aqueous methanol
<
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mobile phase system were investigated. Their effects are

summarized in Table 2-4. The use of nitric acid was not ‘

attempted since it has high UV absorbance in the region (200
n;n) of interest. Acetic acid was not useful for increegsin'g
efficiency even in a concentration as high as 5 x 1072 M. Of
the strong mineral acids, phosphoric acid consistently

gave- efficiencies comparable to the triglycerides. Tailing
and general peak asymmetry were eliminated. The use of .
ioru—paiz:ing agenté has been reported for phosphs}ipids (33).

The one used here, triethylammonium sulfate (pH 2.10), gave

results illustrated in Fig. 2-5; PC-C had similar

18:2
chromatographic efficiency to di-ClB_z, the diglyceride

3

analog to the phosphatidylcholine.

) One mode of-action of the modifier is thought to be
in masking highly adsorptive sites of the stationary phase.
This is possible due to the relatively high modifier

concentration and suppression of ionization of the solute of -

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

/

tailing and overall inefficiency of phospholipid chromatography
has been observed to be a function of the course and history

of the column as well as mobile phase composition. Generally,
newer and reconditioned columns have given worse chromatdgraphic
efficiency. One example is for a Waters uBondapak 018 column,
the adsorptive sites on the support could be 'titrated'.

That is, PC bands start to elute off the column only after a
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' * Table 2—4: Summary of the mobile phase modifiers used in the
! / , ' preliminary studies on absorption in ph‘OsphOlipid

- reversed-phase chromatography.

!
!
t
!
§
|
i
i
t
E
|
|

S

" Modifier Added Moo/ Moo Effect
Nitric acid - Not useful due to UV cutoff g
e Acetic acid . ' - Not useful at 5 x 1072 M %
’Z Sulfuric acid r 0.60 Some tailing cbserved '
Perchloric acid 6. 34 Some tailing obsexved
“P\hosphoric acid 1.65 Very useful, no tailing
1 I;;.ethylphosphoric azféj 1.88 Very useful, no tailing §
Triethylammonium sulfate3 1.06 . Very useful, no tailing :

¥
. 3

lMobile phase composition 1 x 10_2 M except lfor triethylaml;xonium

sulfate.

2plate count for PC/plate count for the analogous diglyceride. -

[

3See +text for concentration.

Im_,b
-
£

§
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Figure 2-5. Comparison of band shapes of

(2} PC-C,q., versua (b) C diglyceride
using t-ethy lammokgﬁ& sulfate (pH 2,10
18 v/v in 95% methanol). Flow rate wasg

1 mL/min uging the Altex 10-um column.

2 ' % HPO,

Figure 2-6. . Retention changes of PL standard N=10 ( ¢ )
and TG standard 1,2-dioleylglycerol (a4 ) of varying
phosphoric acid content of the mobile phase.
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'2.4.2, Studies on the Partition Role in the Reversed-Phase

number of injectiOns had been made. Also, the k' ratios
of PC dioleoyl over diolein were approximately the same for
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~-phase mode: The role of ionic modifiers
in "ion-supprgs§ n/*. chromatography of peptides and proteins
has been the subject of great interest in recent years (68-71).
An undeniable increase in retention, however; is normally ) '
observed to occur as increasing acid content protonates
acidic substituents on these compounds. The role of adsorptive
chromatography in the reversed-phase mode is thus undéniable |
with- respect ta phospholipids. The extreme polarity of
the orthophosphate group makes such suppression difficult
with normal mobile phase composition and 0.1% (v/v) phosphoric

acid was used consistently to give improved separation

and efficiency in these systems.

Chromatography

The reversed-phase h.p.l.c. retention behavior of

triglycerides is given in Table 2-5 and Fig. 2-7 for various -

.

)
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Table 2-5: Triglyceride retention data (k') for various mobile

phase compositions.

N i k' for % CHyCN

N I (b)) 80 85 90 95 "100 ’
1 1800 '
2 2400 1.05 " ~ NR -
3 3000 3.11 1.74 .
4 3600 11.20 | 6.51 2.63 :

- 4200 17.87 g
6 4800 3
7 . 5400 E

) 8 6000 ° P )

9 6600 P

10 483;(43) 17.28 6.69 1.78 0-

11 5400 (6) 22.54 7.63 1.94 0

) 12 5400 (3)¢ ) - C 4.32 0
13 5400 (3) a9 18.75 3.59 0.94
. \ 14 5400 (3)as - 4.03 0
15 6600 (3) ¢ - 2.79
N = Standard number. Sample volumes injected were 1-5 uL.
; I = Kovats index for 1-9. For 10-15 the values.are uncorrected
and the values in parentheses are the total number of double
bonds in the molecule.
E NR (or 0 for 10-15) = not retained, k' = 0

L3N
£
B

ND (or (-) for 10-15) = not detected.

P = Detector response indicates precipitation and very asymmetric
band shape. The lines represent the upper and lower

chromatographic boundaries for retention gnd detection,

RS

Ay

respectively.

\
. s % S R gt e el LAt RER 1At bty 8 % o e NPT R “ e o e me v o
e v - bR ey P fagater XA p— .




T

R S T

1
'

e

ey T e S ST ¢

I e mscrvstre o SR P TR,
B - :

R Bt e 9y

4 Mt 1 ke 5 e "

: 7 CH3CN -
20 1
. . X
10 1
k™ 5 1
f ) I /\\
R 17
N 3000 4000 5000 - 6000
Figure 2-7, Relationship of-log k' to I for triglyceride‘
standards from data presented in Table 2-5, Open symbols

o are for saturated and closed for unsaturated standards.
( % =80, V=285 A=90, and O = 958 CH5CN)
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( concentrations of acetonitrile-water mobile phasés. The
phospholipid results are presented in Table 2-6 and Fig. 2-8.
Linear—regressior; analysis of the data presented in Tables
2-5 and 2-6 for the saturated lipids are summarized in
Table 2-7. The retention data for the unsaturated phospholipids
and phospholipid standard 7are plotted as s‘)hown in Fig. 2-8 |

. and its linear regression analysis presented in Tab'le 2-7.

The use of acetonitrile as the organic constituent
in -the mobile phase was prompted by the greater selectivity
(6‘4)., lower aldehyde content (Chaptef "4 and 5) and lower

sdlubility for silica (with concommitant longer column life)

than methanol. The retention behavior of triglycerides in

e o St r—

this mobile phase on the C-6 5 um column conformed to the

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

between k' and I is logarithimic, limited I ranges for TG
but not PC were noted for any given % CH3CN. This suggests
that the isocratic mode is not too useful for triglyceride

samples of wide ranging I. The \lseful range, presented in

Vs -~

»
e e a g o ————

Table 2-5, is about 1200 I or 3 methylene units per acyl
¢ portion of a triglyceride. Also, acetonitrile was not useful
for tri:)glycerides with I greater than 6000, precipitate ! .

formation occurring for these high molecular weight lipids.

R A R

The effect on B, the selectivity factor, of varying
o .

) acetonitrile concentration was found to be negligible and

no apparent trend is seen ih Table 2-7. This'suggests that

—
U en IV OV
< e

e
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Figure 2-8, Relationship of log k' to I and I - for phospholipid standards
plgtted from data presented in Tables 2-6 and 2-9, Open symbols are for saturated
and closed for unsaturated standards., The arrows show the change ini I to I, when

. C is taken as 200. - . ‘

’

!.tguto 29, Mlutiomhip of log k' to’ . the total number of double bonds -
‘of the phc-p)wlipid lcyl portion of g ds 7~10, from Table 2~6.
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‘Table 2-6: Phosphatidylcholine retention data (k') for 90%

CH3f:N/10% HZO (0.1% conc.) H3PO4.

14

N - Il (D) k' for 90% CH,CN - 0.1% conc. H,PO,
1 1200 ' 5.5
2 '}éoo / 7.6
3 2000 | 9.7 -

. . y /
4 200 ) 13.9 o
5 . 2800 . 17
) 6 3200 : ) 27.0 n

7 3600 ) ] 38.0
8 3600 (2) ‘ . . 28.4 .
9§\s 3600 (4)° , 20.9 -

10 ./ 3600 (6) | 15,7

' L]

[

N and I are as for Table 2-5. Sémple voluné injections were
13 * e »

1-5 uL. . - . &
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Table 2-7:

50

Summary 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
% CH,CN B
80 8.57 (+0.12) x 10”4
/ «
85 8.43 (+0.20) x 102
90 7.47. (£0.02) x 1074
95 8.47 (£0.37) x 107%
Phospholipid
% CHyCN B

Saturated (For Figure 2-8)
90 3.46 (+0.11) x 102

o

Unsaturated (For Figure 2-9)

90 3.21 (+0.00) x 10”3

e

,

ES
w

-
+

A Linear Corr. Coeff.
-2.05 (30.12) 0.9989
-2.27 (10.24) ‘ 0.9971

N
-2.26" (30.00) 1.0000
-3.30 (£0.60) 0.9893
ﬁ

A Linear Corr. Coeff.
3.12(%0.29) x10™ 1 0.9973
4.24 (}0.09) 0.9999

2/ and B are coefficients in Equation 2-1.
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the role of acetonitrile and water, the two constituents of
the mobile phase, are non-selective and further implies

that the only molecular interactions occurring are dispersion
interactions. The effect of increasing acetonitrile
concentration in the reversed-phase ’mode is to decrease the
strength of the mobile phase. This results in less solute
retention and less capacity (lower k') of the system. The
polarity role of the mobile phase can be conceptually °
separated from the selectiyity role as A in Egn. 2-1. With
triélycerides 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% B
CH3CN are neglec’c:ed, lineafr—regression analysis of % CH_.;C\N(X)
and A (y) gives y = -0.0861x + 4.925, correlation coefficient
being 0.9859. Linear-regression analysis on CH,CN (X) and ’
|log A (y)] gives y = -0.8297x + 0.01414, correlation
coefficient being 0.9917. The effects on pho.spho’lipid »
retention o;f varying % CHBCN, ére similar in trend with the -
triglyceride results. The phosphoric acid modified was

added for the reasons presented in the initial part of this
discussion.

The saturated triglyceride and phospholipid standards

can be used to~define a Kovats index scale for investigating - -

the effects of unsaturation on retention. In section 2.2

—
[
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s
i
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reported unsaturation effe<\:\ts were that one double-:bond
approximated 1 methylene group (C = 100 I in Egn. 2-3) for a
fatty acid column (38) or 2 methylene groups ‘(36) 'f<.>r a
Waters C18 column. The 06 column in\;estigated here showed
effecté similar to the Cl8 in that when C in Egn. 2-3 v—:as

P

taken as approximately 200 I, the relationship between Icorr.

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

(Fig. 2-10) was approximately the same as for the standards.
J A more quantitative treaﬁment is to use Egn. 2-1

and the linear—régressidn analysis data of the lsaturated

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

) calculated

for each unsaturated lipid. These values (Icalc

from Tables 2-5 and 2-6, are presented in Table '2-8. The
Icalc values, when applied to Egn. 2-3, give values for C

shown in Table 2-9. The values for Icorr average 221 £ 27.8

for triglycerides and 165 * 13.0 for phospholipids (mean X

standard deviation). There are no apparent trends in the
triglyceride or"phosphol_ipid data; the omly obvious relationship
is that the effect of double bonds on triglyceride retention
is greater than on phospholipid retention. Placement and
orientation of double-bond (standards 12-14) gave no
significant differente in C but‘the effects were not system-
atically studied. The role of the double bond is seen to

X

decrease I comparedlté the saturated stamdard. As implied

by Egn. 2-3, the effect is systematic and a log k' wversus D

~
.
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Table 2-8: Calculated Kovats index values (I calc.) for
unsaturated standards. T
Triglycerides % CH3CN
N I (Db) 85 90 95
' I calc
10 4800 (3) 4158 4131 4193
11 5400 (6) 4209 4239
12 5400 (3)¢ 4647
13 5400 (3)g 4731 4626
14 5400 (3)p¢ 4614
Phospholipids
8 3600 (2) — 3299
\ 9 3600 (4) 2914
10 3600 (6) Lfi 2555
L L——/}(
O .

53
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Table 2-9: Calculated correction factors (C) of equation

b

(2-3) for unsaturation effects on I.

Triglycerides

N
10 4800 (3)
11 5400 (6)
12 . 5400 (3)¢
13 5400 (3)9
14 5400 (3),6
Phospholipids

§ 3600 (3)

9 3600 (6)

10

3600 (9)

85

214
184

% CH.CN

90

10

223

199

223

150
171
174

95

202
194
251
258

262

54
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and Icorr from Table?—s and 2-9.
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G Figure 2-10, Triglyceride data summary of log k' versus I
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plot for phospholipids gives the resglts shown in Fig. 2-9
with linear-regression analysis in Table 2-7., The physice-
chemical mechanism responsible for the double-bond effect
on I is not known. qu possibiliéieg are that the mobile
phase-solute-stationary phase inter;ctions are changed such
that double bonds cause the solute to have:

l) Greater af%%n%}g”fOrf;Qs:?obile phase and equal

-

or less affinity for the étatlonary phase.

t

2) Greater or les% affinity for the mobile phase-

and.séationary phase such that the partition coefficient gives

e
greater affinity for the mobile phase. None of these
4

mechanisms can be eliminated based on the data presented here.
The actual phenomena responsible for the double bond effects

are an active field of research.

The work presented here is directed towards developing

&

. an empirically based method for total molecular species

guantitation. Two ﬁreviously cited references have a&so
did&usseﬁ‘this (36,38) but neither were fully successful.

The detectors developed and characterized in the following®’
chapters add another dimension and a major step towardg total
lipid analysis. The work presented here was used mainly .
to aﬁgment the investigations on the detectors but can also

a LI}
be interpreted as the basis for more detailed studies.
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3. PHOSPHORUS SENSITM DETECTION: MODIFICATION OF A

TRANSPORT FLAME IQNIZATION TO THE

THERMAL IONIZATION MODE

8 i P
o

3.1 INTRODUCT ION

A

“

hydregen flame ddped with alkali metal vapor as/Being
sen51t1zed to phosphorus, numerous variations of this class
of gas chromatographic (g.c.;Ahetector have been'reported 22)\
The'thegmal ionic detectp; (t.i1.d4.) described here is of
the rubidium silicate variety which is reported to give
relative ease of operation (3,4,5).' A description of this
type of t.i.d. (3;4), its possibleaﬁechaniem (5),'and
'investigaeions of its operating parameters (6) have been
described. Also; a study of the composition of the essential
element of thge detector, the glass bead,‘has been presented NE%
- (7,8,9). “

) ’ Julin et al. (10) developed a phosphorus~ and sulfur-
sensitive detector for h.p.I.c. not requiring a transport
interface. They utlllzed a special burner and monitored the
HPO (Salet phencmena) andlsé:emission with a filter phetameter.
The detectpr was utilized for the assay’ of 5'-monophosphate

. nucleotides but was limited to reversé-phése solvent systems

- N
since emission quenchigg, CH, background interference, and,

)

]




' soot formation were all asséciated with high concentrations
S * of hydrocarbon solvents at such low flame temperatures. Due

’ , to the transport mechanism the detector described in this

' - chapter is compatible with all solvent systems. )

' Slais and‘krejci.(ll) have described a similar sydtem
i h i of h. p-l.c.-t.1i. d using a totally redesigned two—stage
burner—detector system and Balaukln et al. (12) described a

M f

detector where the wire was transported through the t.i.d.

©

1
“ ] -

: flame, °"The former detector was used to detect halogen

'
l i
i

derjvatives df'tetrahydrofurans but both detectors required
- e totally rede51gned burner systems in order to allow the

¥ detectors to operate as't.i.d.

- The modlflcatlon described here can be applied to
/ - N e
any exisring flame ionization detector (f.i.d.) of similar

. éonfiguraxion to the Pye~Unicam, f.i.d.' and reguires no X

y 9
permanent modification of the f.i.d.- In fact, interconversion

3

from the t.i.d. to £.i.d. requires only about five minutes

-

time. Also, by proper adjustment of/the bead height} Hz'

AN and air-flow rates, the dgtector should pe_sénsitive'to_

‘ nitroéenf and sulfur-containing compoundé (3-6).

5 »

o 3.2 , METHODS AND MATERIALS ' S,

° . i -

Ry B Dt

The W.G. Pye: quuld Chraomatograph Detector (W.G.

o T Y

L

’ Pye & Co., Ltd., Cambridge, England) used here is schematlcally
o . ‘ ’ , )

by
0 3
.
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represented in Fig.\ ‘3—1. - This system, th\e Model 1, works

on the principle of interfacing via a movin‘g wire transport
mechanism (feed spool and ¢ollecting spodl) a f£.i:.d. normally
used with gas chromatograph&’ to the h.p.l.cl. . The po;:nt of
—c;)ntact between the chrcmatograph and the interface is the
coating blé)ck where, after effluent \goats the wire, volatile
'solvent is evaporated in the evaporation oven and the
’ remaining non—-volatile solute enters the pyrolyzer oven.
After convérsion to a detectable form, the pyrolyzed solute
is swept into the detectoryby the nitrogen purge gas. The
modified Pye~Unicam f.i.d. /(detector in Fig. 3-1) described
here /is shown in ?ig. 3-2. It consists‘ of‘ an electrically
insulated burner with permanent nozzle, a cylindricaf\
collector electrode assembly maintained in position by a
ceramic disk and a glow plug igniter. An exit\port is located
*next to the glow plug igniter. The addition to the £.i.d4d.
which converts it to a t.g./.d.o is the bead holder and - '
rubidium si}.icate bead, the bead holder extending from e
glow plug body through the collefctor electrode in suqh away

, that the bead is positioned above the burne; nozzle.

Nitrogen or air.is used to purge the pyrolysis |-

l
l
|
I

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

~
.
TS

premixed with hydrogen before introduction-to the burner|. 5

.~

Air is introduced to the detector through a side port in the I

detector body. The introduced air sweeps down to the burner

v

¢

yoee

il g e e e,
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Figure 3-i. Schematic diagram of the W.G. Pye Liguid Chromatographic Detector

4

CS 0]

Model 1. CD = coating blo¢k; EO = evaporator oven; N, = nitrogen, the purge

gas; DO,PO, and CO = detector, pyrolysis and cleaner

Ooven, respectively;

D = Detector; and“FS and CS = Feed and Collector spool, respectively.
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rigure 3-2. The modified Pye-Unicam £.1.d, Additions made
were the ceéramic rod, stainless steel 316 (S.S. 316} tubs .
of bead ‘holder, rubidfum silicate bead (Rb-Bead) and platin- ©L .

um wire {Pt-wire) leading to the Rb~Bead. Figure was modified
from LC Technical mmul {System 2) with pczunion of H.G. “ o
Pys & Co., Ltd, : \ ~

e
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q 4
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e, (10° Amps)

p (A=ps)

rigure 3-3, Ionlation background current u } versus bead heati
hg

currant “B’ for two separite days. g = day ons, ® = day ten. (Air=

590 mL/min, Hy; = 35 mL/min, H; = 30 mL/min, detector oven = 2000C.)
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from the exterior portion.of the .collector electrode and
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then up throqgh the center of the electrode along with exhaust

products from the burner.

In modifying the f.i.d. to a t.}.d., placement of
the rubidium silicate bead directlf and répmducibly ovéf“fhe
burner is necessary. This lsléccomplished by converting the
existing glow plug body of the £f.i.4., éhich is centrally
located over the burner, to a'bead holder. Also, the bead
holder described allows use of an externally applied current
to heat the bead and thus gives flexibility in generating
the.ionization baékground current (iB-C.)\important to the
sensitivity of this detector (3;7).

With reference to Fig. (3-2), the necessary
modifications made to the glow plug aré:

. 1) The attachment qf,é 4.3-cm long 316 stainless
stéel tube (0.47-cm 0.D.; 0.28-cm I.D.) to a glow pluq body,

2) The placement of a 7.5-cm long ceramic rod
(0.275 ¢cm 0.D.,iOmegatite’350 two holg round thermal-couple
insulator, TRAOAOlB, Omega Engineéring, Inc.) containing
two parallel bores througﬁ this stainless steel tube and,

3) The threading of an 18-cm long, 0.5 mm diameter

_ -platinum wire (Fisher écientific Co., Ltd.) through the bores

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

¢éne_end of the cerami¢c rod. To this loop is attached the
rubidium silicate bead (see below). ‘
. w, -
° ' 5
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With the tubing size used in cons;ruc%fng the bead
holder, the holder is able to f£it through the collector
electrpde and is held in place by the glow plug body. The
bead helgbt dbove the burner is adjusted by sliding the
ceramic rod with respect to the stalnless steel tubing
mounted into the glow~plug body. An Allen screw is used to
secure the positi;n ofvthe rod once an optimum height of
bead above the burner is attained. 1In this study the rubidium
bead is placed 5 mm above the burner. \fhis region corresponds
to a flam temper&turg zone QE 700-800°C (depending on flame
condition:;)as measured with a differential thermocouple

(10-560-10, Fisher Scientific Co., Ltd).

One centimeter of the colléctor electrode is reﬁoved
.50 that no collectox area will be below the levelrof the bead.
In this way Separatién of £.i.d. f;om t.i.d. response is
assured (13,14{; ' !

To eleqtfically heat the bgad, two in-parallel '10
Amp maximum P?werstats (Superioerléctric Company) are used
and connected to-the platinum leads extendihg from the ceramic
rod above the glow-plug body. One Powerstat‘is used for
coarse and the other for fine adjustment of the bead heating
current (ié). A Wilbac (model ACAl5) 0-15 Amp AC ammeter

is used in series with the Powerstats and stabilized using

a Sola Constant Voltage Transformer (Type CVH). A maximum
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"of 10 Amp can be applied to heat the bead.

The final modification involves the burner polarizing
voltage (-170 V) delivered from the Pye-Unicam ionization
amplifier. A four—po%g double~-throw switch is used to
connect the polarizing voltage ané ground, so that inlone
direction the burner is at ground and the platinum "lead to
the bead is polarized. This is necessary since polarization
of the bead is the normal t.i.d. configuration (3,5). For
f.i.d. operation the bead is remoyed and the switch thrown
in the other direction, thus polarizing the burner.

The Pye—Uflicam ionization ;mplifier and dual-
temperatﬁre controller are usq& to monitor the response from
the detector and maintain .constant pyrolysis and detector-

oven temperatures, respggtively. 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 appropriate.
A Honeywell Electronik 196 (10 mV full scale

[ ]
K J
deflection) recondgr is used to record the amplifier-output

responses and qo%ie measurements.

’ The a1£a1i-metal source, a rubidium silicate glass
bead, was fabricated éccgrdiﬁg to Lubkowitz et al. (7,8).
Since they mentioned that a more comblete study was underway
to optimize the compqéitiondof the alkali sourée, only one

bead composition was used. The bead contained 17% by weight

OB AP £ g ek gL b
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s o a8 4L o TR P NRE £ TR A )RR ARG SO § et RO, A A D




P RO b 1 L,

69

RbCl to Corning 7740 glass (Pyrex). Ground glass and RbCl
were mixed and placed in a 15-mL Coors porcelain crucible.
While stirring continuously with a gquartz 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, was used for this entire study. Once attached and

centered 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 flame. After placement in the detector, a high

bead he'ating current (9.0 Amp)_ was applied t'hrough the bead

" until a stable ionization background current was attained

(approximately 5 h). A properly aged bead should give a iB C

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

) b4

cause the bead to glow red. .

4

« "3
The evaluation of the detector involved first '

1
)

relating the rub_idium silicate I;ead re5ponse§ to wariations
in H2’ air, and N2 flow rates and bead-heatiﬂg current.
Since the Pye system did not przgvide an adequate means of
quantita?:ing gas flow rates, Brooks flow cdﬁtrﬂollers,and
rotameters (Emerson Electric Co., Hatfield, Penn.) were used.
These were modified for the flow-rate Tanges, used. All gases

f . were of "Zero Gas" purity (Linde Specialtjr Gaseés) and further

purified by passing 'tllxrough filters of Drierite (Anachemia

Chemicals Ltd., Montreal, P.Q.) and molecular sieve (Type

CEU | v w
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3A, Matheson, Coleman, and Beli,\ Norwood, dhio). At a
constant iB evaluation of the bead response involved varying
the H,, air or N, flow rate while keeping the other two

rates constant and measuring i These measurements were

B.C.°
repeated at different bead-heating eurrents.

Td evaluate the respc;rge of the detector to selective
standards, .sémples in a 0.5 mL/min methanol (Spectrograde,
American Che;nicals, Ltd.) .stream were delivered to the coating
block of the moving-wire portion of the dftector with a \
Milton Roy Minipump (Model 396 ,.Laboratory Data Control),
homemade pulse-damping system ~(15) and a Vaklco 3000 psig
valve with 20;uL‘sample loop (Valco Instrument Co., Inc.).

As a substitute for a column, four ‘feet of connecting tubing

(1/16-inch 0.D.; 0.030-inch I'.D.%-we e used between the

injector *and detector to allow some [band broadening.
The standards evaluated were reagent“g'rade chloro-

ahd nij:robenzeng (Fisher Scientifift Co., Ltd.), aniline and

\

QCtanoic acid (Baker Analyzed Reagent), hexadecane (Eastman

Organtc Che.micals) ¢ tri-n-butyl phqsphate. (Fisher Scientific

phosphorus pesticides (Supelco Inc., Bellefonte,  Pemn.).

WOrking standards were made of chloro- and nitrobenzene,

¢

anlllne , octanoic ac1d and hexadecane to correspond to a 10~
mg sample delivered to the detector coanng block. These

roughly cérresponded-to 10 mL of standard in 15 mL of hexane

+
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(Spectrograde, American Chemicals Ltd.). Tri;-n—bufyl

phosphate and phosphatidycholine@olutions were made with

e

methanol to correspond to a 20=mg sample delivered to the - 3

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

‘K\s“
£ :

methanol (Spectrograde, American Chemicals, Ltd.,). The

Fl h

malathion standards for the evaluation of linearity and

sensitivity of the detector were made by appropriate serial

dilution in methanol. o a
3.3 RESULTS ‘

2]
While this detector is similar in operation principle
4 o !
to one previously described (3-5), it wvaries considerably

e sh ek ks Ay ek e - et

! in burner design. A series of experiments was conducted to
compare the operating paraméte“:r\s (iB, and Ny, air, and H,
\ flow rates) of the present detector with a similar study

\ [y .
Y,

N reported for the previoﬁsly descf:}bed detector. The detectors

st allekd S b 0 men T P Lt & ma

\\\ were not' expected to be directly cé‘mparable but: general

- . - N ] . . . Y -
e ~ ,* ~-similarities were expected to be found. 4

¥

Lubkowitz et al. (6) found ionization background : e

o

current. to_be a function o,‘f bead heating current, and as the

Ao Tagd o ) 4

-bead aged gre\at{er iﬂB was required to attain the same iBDC .
) N . . v - .

Figure 3-3 shows " versus iB"for' our bead. As can be
/ﬂ

seen, a significant cline in i was observed after ten

days usage. Th?le requi \e\ad't‘o attain a given iB.C. was

Cg / k ‘ ] ‘
hd .
3 N 3
,
.
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significantly higher in our system, presumably due to the

largeﬁbead size used and the necessity of heating the bead

holder.

The dependence of iB c. on nitrogen, hydrogen and air

\
flow rates was also investigated. This was done because

the sensitivity of the TID is a function of iB c and numerous

e

ways- of attaining the same iB c. are possible. Figures (3-43),

(3-4B) and (3-4C) show that a different dependence of iB c.

was observed for Nz, air and H2 at different iB. For N2

flow rates from O to 34 mL/min (Fig. (3-4A)) the effect was

*

G@ot dramatic and, as expgcted from a previous study (6},

at increasing N2 flow rates iB C: was observed to decrease.

The reason for this decrease is not\kﬁ6wn‘but has been
attributed to cooling of the bead by convection (6); Using
a plat;num—platinel thermocouple, we measured an increase in
the temperature of thg'zone where our bead was placed. This
‘observation warrants further investigation.

| Figure (3-4B) shows that by increasing air flow
rates from 220 to lomJnm/minf ionizatibn decreas%d more
significantly than for N2 changes over its entire range.
The nitrogen flow rate. was normally left coéstant at 39 or

35 mL/min while the air-flow rate was varied from 300 to -

-3

a high flow'rate is required to prevent

500 mL/min. For N2

tail skewing of injected samples. Air-flow rates have the

similar effect of preventing ndshape§ peaks and so must be

P
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maintained at a rather high value. ’ wooe
. Figure (3-4C) shows that H, flow rates from 48 to
64 mL/min play the most significant ‘role of the three. As

expected an increasing HZ‘ flow rate increased iB C due to

[

direct heating. What was unexpected was how large a

depex;dence iB‘(f. had on the Hy flow ra;:e. Figure (3=4C)
indicates that very,careful control of the H, flow ratti\is
required to prevent considerate low4 frequency noise. Because
the ionization process responsible for maintaining iB.C.

(i.e., Rubidi-um”losls\ from the bead) occurs on the bead

surface, fluctuations in the H, flow rate are expected to

_ make a greater'qonf;ributiém to noise than iB The bead-

heating current heats through +the center of the bead, where
the bead-heat capacn:y- ca;m buffer ‘any short term fluctuatn.ons
in current. Aﬂ.voltage stablllzer for the bead heater is
still required sihge line-voltage fluctuations, without the
stabilizer, -cause sign{ficant low frequgncy fluctua-i;ions'
n'iB.C"‘and l;aéelinq drift at low attenuations.

':l‘l*nl‘e gas—-flow rates used in these studies represent

-the upper and lower limits of combustion with the burner

sj{stem' used and are quite different from thc;se given in the
comparison study (6). This is expectéd because of the

totally different burner designs employed by the Pye and

Perkin-Elmer systems. . o

[ 4
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. were cited s:.nqe no columns were used. Fox comparison '

. choline responses were multlplled, by a factor to correspcmd

3.3.1 Selectivity ‘

One problem associated with evaluating a t.i.d. N

using a wire tyransport 1nterface is the uncerta:.nty of the

"

amount of sampl eachg the detector (ll) . InIorder to
test the selectivity of this-modified detector the transport
mechanism was first run with the f.i.d. in plaée. Nltroqen

was used as the purge gas from the Pyrolysls oven for -

nitrobenzene, chlorobenzene, aniline, t-butyl phosphate,

hexadecane, cctanoic'acid, and pl)os‘phatidylcholine. The’

resu’lts are presented in Table 3-1. As indicated by 'Slais.

a

and Krejic (11) the response from a detector of this sort is .
complicated by the wire-transport system, pyrblyels process,
and gas—-phase transfer of pyrolysis products to the sensing |
element. All results in Table 3-1 corresponded to 'injections N

of a lo-nfg“sample exi:ept for t—-f:ntyl phosphate and phe'sp;hati-
. . e
dylehollne whlch were 20 ug: peak heights rathexr than areas

xe

to the other staﬁdards, ‘the t-butyl phosp“hate and phosphatldyl-
hez)

-

to an injected sainple of 10 mg. » <o

* fi Y

The £. i d. and t.i.d.’ responses for chlorobenzene, .
» . 'Q'

\,

4
aniline and n:.trobenzene were either not detectable or very

small It was assumed "that a lack of wire coating was the

main reason that theSe compounds were not detectable. For:

“ -




' ' Table 3-~1: Comparison of f.i.d. to t.i.d. Responses for Standards

S '* t.i.d. RESPONSE (Amp)
STANDARD .  f£.i.3. RESPONSE* (Amp)

_ d " o o AIR*** N, .
ﬁexadecane ' 2}(10”9 l.lxlo-lz 2.8xi0¢10\
Octancic acid 1.2x1072 1.3x107%%  1.4x10710
t-butyl phosphate 1.3x10°° 1.5x10" 1 3.0x10710
‘Chiérobenzene | N.R.** 'N.R. N.R.
Nitrobenzene | \3x10_13 N.R. ~ N.R.
Aniline ! N.R. N.R. N.R.
Phosphatidylcholine 5x10” 10 N.R. 7.5x107 20"

§ :
% *See text for sample amounts.
% **No response above noise. i .
% ***Air was subséituped for N2 as purge gasbfrbm pyfolysis oven.
, Hy =132 mL/min. | ’ ] K '
! Air = 590 mL/min.
% N2 = 35 mL/min.
. Wire speed'= 6 cm/sec.
% Pyrolysis -overn = 700°C. /;
\ N . ‘" ) -
% S &
S |

BN
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Lt

the f:i.d. mode, hexadecane, octanoic acid, and t~butyl
phpsphate gave approximately equal responses while phosphatidyl— g
choline gave a slightly reduced fespopse compared to the
three detectdble standards., The i

B.C.
data in Table 3-1 was 8 x 10 ° Amp. Using N, as purge gas

used to generate the.

and the t.i.d. mode, t-butyl phosphate and phosphatidyléholine
gave- responses épproximately equal in magnitude to the non-x
phosphorus containing stanaards, hexadecane and octanoic acid.
To fuf;her investigate the similarity of response
between the mgn-phosphorus containing and phosphorus containing
standards, a study involving f.i.d. and t.i.d. response as.
a function of/pyrolysis oven temperature wés conduﬁted. As
illustrated 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
temperature was increased, response in the ffxnd. mode
increased slightly, while t.i.d. response decreased significantly
(over 140 times). At 400°C, octanoic acid and hexadecane
gave no resp?nse above noise with the t.i.d. detector. Also,
the phosphatidylcholine response did not increase with a
decreasg in oven temperature. ~Thus it was concludea that
for relatively volatile standards such as hexadecane, octanoic
acid and t-butyl phosphate, compared to phosphaﬁidylcholiﬁe,
a large portion of thé sample coated on the wire can be

v

transported to the detector sensor. Some compounds such as

puR———
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. 3
i

nitrobenzene, chlorobénéene, and aniline were not detectable,
apparently due to a transport problem. Furthermore, the

detector is species selective. for phosphorus. Care mﬁStmbe / ‘;

taken in controlling pyrolysis-oven temperature as too high

a temperature appears to be associated with a transport

-

problem to the t.i.d. sensor, possibly by formation of some : 'ﬁ !
' ' v R - E |

refractory phosphate species.

High molecular weight compounds such as phospho~ - ? ;

lipids were not detectable at low levels presumably due to

their low vapor pressure. The low vapor pressure of % |
phosphatidylcholine necessitated high pyrolysis—oven
temperature, causing the same trénspor; problem associated, ' 'Q
with t-butyl phosphate. \

The response of organophosphorus pesticides was
‘ ,///d\\
also tested. These compounds are similar to t-butyl \\\\\ v

.
.

.,

phosphate, the model compound used 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-

{’\.
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3.3.2 Sensitivity ' .
.

The original purpose for detector modification was
the determination of phospholipids. As modified, the .

detector is incapable of any enhanced sensitivity over the
Pye Unicam ILCM2 system (16,17) for this class 'of~ compounds

. for reasons cited previously. However, the detector may be

/\:\seful for other classes of organophosphorus compounds, such
a

/ s pesticides. Therefore, sensitivity for malathion was

. studied. The relationship of response to background
ionization for the t.i.d. is well documented (6,18,19).
Figure (3-6) illustrates that while the signal does igcréase

with an increase in i the t-butyl phosphate noise also

B.C.'
~ increases. The sign‘al-to—noiée ratio (S/N) curve illustrates

- that an optimum S/N is obtained at ‘lower i For this

BIC. °

study i was varied by changing thé bead current i

B;
could also be changed by varying the Hy- or

B.C.

however, lB.C .

air-flow rate. Tubkowitz et al. (6) illustrate the signal

;o and noise dependence of this type of detector on Hz, air; N,

and iB.

"

. Optimization of H2, air, and i_ as well as wire .

B
speed, v}hich also affecté sensitivity and noise, can be done
‘but requir?a complicated optimization format. ,Ni) such

technique was,applied here. When this detector is to be used

for quantitating a specific sojute, ‘simplex optimization
B f
oA,

¥ -

ot S smios 5 B B AR e 3 2 g rs - - N D s r RRASORR AR 4 - -
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(20,21) may be emgioyed. Thus i;he uregponseé given are| not

L]

optimum with respect to the signal-to-noise ratio. '

X \133 Fig. (3-7) is plotted amert of malathion in#,ected’
versus (resg\icns'e as peak height. As can be seen the response
of the modified detector is linear over at least four c;rdez’:s
of magnitude; the detector has the capabiiity of detécting
3,5 ng of malathion. The detection limit is defined (Chapter

1) as the amount of malathion préduciné a’ signal twice the

J

base width. Similar detection limits aré/ expected for the

w

other pesticides monitored‘as well as other organophosphorus
compounds exhibiting some yolatiliﬁy. .

!
J

3.4 - DISCUSSION
| .

’ ;! vy
The ¢bjective of this 'study was to modify a simple
- / o
transport f.i 4 to give enhanced sensitivity for organo-
7

phosphorus coz%\pou__nds{ The data in Figs. (3-4A) to (3~-4C)

illustrate th’gt,different burner configurations require
different opefrating ranges for H2, air, and cgrrier gas
{(purge gas, t,\lz) flow rates. Also, the sensitivity of iB.C.
to varying H, flow rates was greater than expected, and

‘,D
demonstrates that the H2 flow rate must be controlled more
carefully than either the air or the purge gas-flow rate.

Finally, while bead current ij can be used to establish
;’i
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- a given iB c.’ the H2 flow rate has a larger effect and must

be used initially to establish the lower limit of iB c .

The sensitivity and selectivity of the detector

were difficult to evaluate and could not be compared with
|

other reported gas chromatographic detectors because of the

different transport mechanism. The response of the detector

was due to two phenomena: transpor:'tation of the solute to
the detector-sensing element and response of the sensing
element. When compareé to an f.i.d. using the same transport
ﬁ\echanism, the t.i.d. showed enhanced sensitivity for certain
organophosphorus pesticides ranging up to 500 times (and

presumably greater if properly optimized). The detection of

phospholipid by this detector was not possible.  This was

'

84

primarily because of the inability of the transport mechanism

to transport the most important portion of the molecule,

the phosphate diester, into the flame. )

The transport mechanism used here was first developed

by James et al. (22) and the entire detector was later
improved significantly by Scott and Lawrence (23) with the
addition of a reduction unit before the f.i.d. which
converted the oxidation products from the pyrolysis oven to
methane. This later model (not used here) is useful as a
detector for hydrocarbon species but detection limits for
phospholipids below or;e microgram are not possible (18,19).

'y ~ N
i An additional modification to circumvent the

J
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transport problems observed with phosphatidylcholine would

be to place the éransport wire through the t.i.d. flame as
done by Balaukin et al. (11). This modification was attempted’
but increased noise, as seen in aﬁother study (27), ma@g this
configuration useless for detection purposes. The next
chapter describes the design of a detector based on an

3

entirely different principle of operation.

-
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4. DEVELOPMENT. AND DESIGN OF A POST-COLUMN REACTOR

o FOR HIGH PERFORMANCE LIQUID CHROMATOGRAPHY

[ .
o 4.1 *  GENERAL INTRODUCTION ? *

Alternative detectors for high performance fiquid

3 - chromatography (h.p.l.c.) have been discussed in Chapt%rs 1

and 2. 1In this chapter a detector based on quantitating tRe
\ . . . o
l-phosphoglycerol portion of a phospholipid or the glycerol

'portion of triglyceride molecular species is described.

\ . "The determination of to‘teil't-riglycérideso in serum
_____is often done in clinical laboratories by one of twe methods.
Qne meothod is based .on classical chemical reactions, the ¢
other newer method is based on enzymatic reactions.
The development of the classical method covered

the period of 1964 te '1975 beginning with its introduction by

-

Lofland (1,2), and Kessler and Lederer (3). This met};od has

the advantage of cost effectiveness but lacks selectivity.

€

“

All classical methods for triglycerides require extensive
'sample pre-treatment to separate triglycerides from

p}io spholipids.

’ The enzyme-based alternative method was developed

after 1973 (4,5) and is now used almost exclusively. Enzymatic

]

selectivity eliminates the need for sample pre-treatment.

The NAD-NADH couple, a common denominator in many clinical

“ -~
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. With discrete analyzers, mechanization is accomplished on

+

analyses, is the final end product for UV-spectrophotometric

" quantitation. Enzyme-based methods have very recently been

i8] .
extended to phospholipid determinations (6,7,8) and are
\

similar in approach to the triglyceride methods.
In comparing the two triglyceride methods, in the
confgxt of use witﬂ'chfomatogﬁaghy, the enzyme method's main
advantage of sélec&ivity is notkimportant. Furthermore,
interfdéi;;\;;Meniyme system with either normal or reversed-
bhase cthﬁatograéhic units raises a compatability problem

tﬁa; greatly restricts the choice of mobile phase. The

classical method, on the other hand, is reasonably liberal

'
1

with regards to compatability with various mobile-phase

systems. Thﬁs; the classical method was chosen to be

~

investigated as a,possible basis for a liquid chromatographic

detector.

I3

/
In order to effectively couple the classical meyﬁod,
essentially a series of chemical reactions, to the effluent
of'an h.p.l.c., a marriage between the h.p.l.c. and some

mechanized chemical system, a Post-Column Reactor (p.c.;.liﬁ

is needed. Mechanized chemical systems can be divided into

two _general types: diserete analyzers and row“analyzers."

!
Ehe principle of the robot-chemist where the sample is placed
’ . ) I
in a container (sample cup, test tube, etc.) and chemical |
' /

: !
! i
. N
. . '

i o

1




$. R,

.
AN ke ARG MO b W R A smee e ARt RPN G O, GO e L BRI e T TS 36

. 90

¥

~“.manipulations are carried out in a discrete manner. With

continuous flow systems, the sample is injected or aspirated
R

iKto a continuously moving reagent stream and additional

chemical manipulations such as heating, delay, irradiation,

or addition of other reagents, occur at various stages in

the reactor. ‘e

-

A comparison of each ‘general method shows that

the discrete analyzer, by definition, is characterized by

good sample integrity, but suffers from the need for complex-
mechan&cal design and close tolerance construction. The

9 ;
flow a%alyzer, on the other hand, does not guarantee sample

integrity and may consume 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 continucus functions generated by

i

chromatographic processes, while the discrete analyzer gives
dveraged results in a histogram form wheose 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 resources available. While examples -

of both classes of analyzers are in commercial production at

/ this time, the system that appeared best suited for the

problem of phospholipid and triglyceride analysis wéé the

Two systems using discrete analysis for
- B

detection of phorphérué after column chromatography were

flow analyZer.
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{ ’ .
mentioned in the literature (9,10). .
The recent general reviewé on h.p.l.¢.-p.c.r. work
(11,12,13) indicate that flow analyzers -are well suited
for p.c.r. wprk. Flow analyzers‘were!used for fluorimetric
4 ) derivatization methods (14) and electrochemical detection (lS)i

{

Some recent.work oﬁ;p.c.r.'s emphasized the fundamenfal
sources of band-broadening in flow analyzers (16,17).“
Because these pic.r; detectors offer selectivity and
sensitivity based on the wealth of classical chemical
tecpniques presently available, conceivably any\compound”can
be detected using p.c.r. 1
' Th§§e types of flow analyzers have been reported for

use in p.c.r. systems. These ares »

1) Segmented flow systems (continuous flow analysis,
L c.f.a.): Characterized by gas segmentation involving plugged
flow of the reactor stream using low pressure peristaltic
pumps. They arg useful for almost any reaction sequegce;
This is the most established of all flow analysis métﬂgds~and
the basis of a‘'large part of the clinical chemistry industry
(18). -

23 Non-segmented flow systems (flow injection analysis,
f£.i.a.): Characterized by non—segmenteé reactor streams and
the use of relatively precise pumps. These éystems have

gained recent pOpularity due to the simple désign features
& I

and wide applicdgiiity of the technique to common analysis
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problems. It is suitable for reactions with very'fast reaction
rates, generally coming to completion within 30 sec (19). ,
3) Packed~-bed reactors (p.b.r.): Characterizéd by
the use of a wide diameter column containing inert packing as
the reaction delay—mixiné unit. Onétpublication (20).has
reported using th%s“method. This system is limited in use
to speéial applications.
¢ A common denominator between them is that they all
represent designs o6f on-line reactors which attempt to maintain
sample integrity by limitipng diépe:gion while simultaneously
allowing enough delay tiﬁe in their s§étems for reactions to
occur to the desired degree. : ™~
The theory of dispersion in each system has been the

i

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
flow analysis systems. This can be compared to the relatively
smallanumber (less than 0.2% out of  7,870) of earlier papers

theoretically oriented, mentioned in one view (11).

Reactors based on c.f.a. are identical™in_concept

AT SR P ATUL RS VIR s ol vt & o ams vt bA TN

to the widely used Technicon clinical chemistry anai;;zsii\\\\\\;\\\\

(Technicon International, Tarrytown, New York) and are .
discussed in 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

\

-

r
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*

of dispersfon in these systems has been well developed (22).
The mechanism of dispersion in the p.b.r. is analogous to °

column chromatography dispersion and a useful discussi*n is )
- o

presented in Refs. 20 and 23.

‘ In terms of chooging between the various gystems,
the p.b.r. is immediately rejected becapse 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
non-segmented flow) is made possiblé by knowledge of the

advantages and limitations of' these systems. While it would
1

be high%f desirable to use f.i.a., because of its simplicity

P

of design, appreciable band dispersion is anticipated for
reactors which requi£é>multivstep addition of reagents and
long {(greater than 60 sec) delay times (24). An illustration
of this is shown in Fig. 4-1 where repetitive injections of
the chromophore 3,5-diacetyl-2,6~-dihydrolutidine made into

a f.i.a. and c.f.a. systém monitored B&kabsorbance and
fluorescence are compared. The f.i.a. and c.f.a. systems -
were identical except that water replaced air segmentation

in the f.i.a. system. Thué the system of choice for use as

Eem

the p.c.rfﬁin this app?ication (reaction sequence shown in
Fig. 4-163 ;s c.f.a.

In this ch%pter 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

b e o

Sotpues astim b wan
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See section 4.2,

Continuous flow analysis (c.f.a.) and flow injection

for details

a

between band half width and band heigth (0 = width at 0.61 H).
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4.2 INSTRUMENTATION DESIGN CONSIDERATIONS OF CONTINUOUS

FLOW ANALYSIS SYSTEMS

4.2.1 Introduction

The field of continuous:flow ahalysis includes a 1argé
quaqﬁity of literature (7,870 references between 1957 and
1974 , (25)9) and a large number of determinations done each
year using instrumentation based on this method. This subject
is reviewed in two places rather exhaustively {11,26). ~

One of the mos£ 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
fundamentally derived nature. This work has culminated in a
theoretically derived expression for predicting band
dispersion from éxperimental conditions (36) and thus a firm

basis for instrumental design in this field is now possible.

4.2,1.1 Mechanisms of dispersion in continuous flow analysis

The mechanism of band dispersion in c.f.a. is best
introduced by regression to the simpler case of f.i.a. (i.e.

non-segmented flow analysis). It is recalled that the model

A
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Poiseuille flow distribution of a f£luid 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 at. the walls of the tubeﬁ.

N N

ﬁhe tube material is, for hydrodynamic reasons,

~

always asé@med to be wetted and the flow is assumed to be both N
éteady ani laminar. What results from this flow model is a
bolus with infinite tailing., This is not séen to occur iﬁ'
practice and in fact a bolus traveling throﬁgh a tube under-
goes band dispersion (shown in Fig. 4-2) with transition from
a rectangular to a Possion and then a Gaussién distribution
(22). This dispersion patgern is explained by the phenomena
of Taylor flow (37)qwhere molecular,diffusion across the

tube averages the parabolic flow velocity distribution in the
tube and in doing this, limits dispersion. The attainment

of even linear fyow ve{pcity‘throuqhout~the crass—section

of the tube r&sults in dispersion of a bolus by the mechanism
of molecular diffusion, and in liquids can lead to guite

low dispers%pn.

To radically‘altef the Vgloéity distribuFion pattern
in the flowing stream, Skeggs (lB)'intrqduced bubbles (as
plugged flow) and thus comparsmentglized the stream into
separate segments. This is schematically represented in Fig.
4-3 where it is -seen that a finite amount of liquid, due to:

&

wall wetting, is transferred from ‘one liguid segment to another. ’

?
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- The plugged flow forms the basis for c.f.a. systems.
Dispersions in the;e systems occur because of the wall wetting,
a hydrodynamic requirement for steady laminar flo&. Thus,
wﬁile plugged flow disrupts the Poisguille flow veloqity N
distribution, a mechanism still exists for dispersion. ﬁ&hi;
amount of dispersion in c:f.a. systems can be predicted by
( Snyder's equation (36).

-~

4.2.1.2." Synder's eqguation “

Starting with a definition of dispersion (Gaussian
distribution) of a bolus, .

o, = ov/FR (4-1)

where 0, = dispersion in time units (s) and is measured as the

peak width at 0,61 peak height, 0; is dispersion in volume
units (mL) and Fp is liquid flow rate (mL - sec_l), the
expression for the dispersion of band in a c.f.a.; in terms

of the parameters most often encountered in chromatography is

2/ 538a2/3 (o +0.92an) >/ 20?2 | 12,35 (F +0.92a2n) %302 3
g, = + = -
£ 773 B VY4 I VAL
: Y U FRPy . 25 Y TFRdy
g - - (4-2)
st ﬁ; \‘

-
- *
3 \ \
o - \ ) ' . .
i ; . . ’ \
: // ) N
e e = o - . e s e sttt o s e e L - ca e e e e e
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where dt = tube diameter (cm)

Y = liguid surface tension (dynes - e 1)

liquid viscosify (p)

3
If

D, 5 = mass transfer coefficient in water at 25°C
n = bubble frequency (sec™l)
t = reaction residence time (sec).
: . . :
This equation, as derived and confirmed by Snyder (24,36),
‘g . 2 N . :
can be used to predict oy and thus determine a priori the

best 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
values of d.s n and Fp resulting in the respective o is
shown; The optimum bubble frequency (obtainable in practice)
is generally in the range of 1-10 sec~l, Fp in the range
0.01—0,:1 mL-sec™’ (0.6-6.0 mL-min~ 1) and d, of less than

.2 cm, Under these conditions and if each paramete; is
optimized with respect to one another, ¢, can be less than

l s. When one considers the contribution of other components
in the h.p.l.c. and the dispersion due to connector tubing
this value is well within the tolerable limits of most
modern chromatographic systems/(36). For instance, 1 s for
a typical flqw of l.O.mL-min"l or 0.0033 mL'sec-l corresponds

to 0.0033 mL dead volume. The typical column void volume

/

e




f N R - L e eieton A A PR SR UMY WA g cor gy i o e - - -

A

:/\/

is around 2 mL and thus 0.0033 mL is small in comparison.

The values for n, Fp and 4, mentioped above were

.

R
used as general guides in developing the c.f.a. system

descripéd next. Some practical limiting values of n, L, FR
\ the c.f.a. N
®© ° ‘

4,2.2 Choice and Evaluation of c.f.a. Components

k The components of a c.f.a. and their relationship

|
to dne another are schematically represented in Fig. 4-5. -

Each component is discussed below.

f

4.2.2.1 The bubblet (B)

The distinguishing feature of é.f.a. is plugged

flow gas segmentation of the moving stream. The requirement

0w e wn e PR N

¥
of a gas bubble introduction system (bubbler) are that it

delivers: ' -

Y 1) The optimum number of bubbles per unit length

of reactor stream (i.e. correct bubble freguency).

B B, g,

2) The dptimum bubble size.
3) A uniform bubble distribution.
Also, the bubbler should have low dead-volume and

good purge characteristics.

- e The optimum bubble size is that the bubble length L

Sk e o . 2o E B i e

100

~ ' 4 R
and dt were found to be important considerations in designing

8
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Detector

PT

tigure 4=5. Schematic representation of the c.f.a. Refer to\tcxt for
explaination of abbreviations.

Figurs d-6. The bubhler (B} developed and
characterized for use with the c.f.a. Scale
° shlargement is included in the offset to show
needle (N} displacement (E) from the gas
connection tubing (t).- Consult text for details. &

1t
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is 1.5 times the diameter -of the tube 536). Shorter bubblen
lengths are unsuitable and give unstable bubbles that allow
excess carry-over betweehiﬁach segmenf; longer Bﬁbble lengths
on the other hand are inefficient since excessive reactor-
tube length is required to achieve equivalent delay times.
Uniform buﬁble distribution is required to minimi;e short term
noise by enabling uniform proportioning of reagents in the: |
reactor. Low bubbler dead’volume is required to prevent

excessive band dispersion before and while segmentation occurs.

o ! o

Bubbler-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 thg bubbler was
made from a 0.159 cm (1/16") stainless steel‘Swagelok(g Tee
fitting utilizing standard compression nuts (C) as connectors. ™
The gas inlet connecting tube (T) was 0.159~cm 0.D., 0.0254-
cm I.D., Teflon construction and connected t& the peristaltic
pump tubing with 30 em of length. To prevent leakage around
the connecting tube a silicon ferrel (f) made from pump
tubing was used to seal T to the body of the bubbler. A 13

0.045-cm O0.D., 0.0015-cm I.D. (25-gauge) stainless steel %

needle (N) was force fitted into the tube T and extended a

“
A\
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. tubing and the needle overcame one serious problem often .
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The utilization of very narrow diameter connecting

]

associated with bubblers which is due to the compressible

nature of the segmenting gas. The backpressure of the c.f.a.

‘bﬁiltﬂup a resistor-capacitor (RC) hydraulic analog when

x 9

large volumes of gas were present in the bubbler lines, °

‘whichﬁcaused non-uniform addition of bubbles due to the gas

»

( . \
S
1
N N

v

coﬁpression and gischarge (ga¥ surging). Thus, gas surging
was eliminated by decr?asing the volume of the gas—connectin;
tube T so that the effective tin@’é;nstantiégﬁihe RC hydraulic
system was very low. Surging still occurféd with this
arrangement but when observed was diagnostic of unusually
high back pressures in the c.f.a., due usually to precipitate
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 previously, the optimum bubble is one
% {"
which has length L = 1.5 dt' w@ere dt is the tube diameter

{(36). The wvoluiie (VB) of such a bubble is calculated from

GEbe volume of an ellipsoid as

v

v

B © (4=3)

) - '

(7/24) = dt?

k)

dt being tﬁe interior diameter of the tube (cm), VB having

-- .. . £ et v T o -
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K

injection (n) depends on other experimental paraméters as
mentioned i; the context of Snyder's equatibﬁ (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 equation

Fg = nVy (4-4)

Combining with Egn. 4-~3, gives

- 3 :
Fg = (71/24) d."n (4-5)

which takes into account the optimum bubble size for the

tube diameter used in the c.f.a.

Representative optimum bubble volumes for various

[

commercially available tube diameters axé given in Table 4-1.

-

N

Some theoretically optimum bubble rates are given in Table
4-2., These rates shall ﬁe discussed later in the context of
evaluating the bubbler design.

The experimental parameters of interest with respect
to their effect on VB and n are:

1) Reagent-flow rate (Fg) -

2) Gas-flow rate (Fg).

“ 3) Position of bubbler needle (E).




R . 2 1

i Table 4-1:
I ot
| .
i
; (
i r
|
i
; Table 4~2:
¥
P Fg
- 0.03
t 0.10
; 0.16 -
: 0.23
! ..
* 0.32
- 0.60
0.80
o 1.00 ¥

A%
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)

Optimum bubble volume for various tube diameters,

° B

dt (cm) ; Vg .
~0.0254 1.5x10"° cnm )
-4 \
. 0.0761 © ., 4.0x107% cnd \
0.100 “9.6x107 en® - . \
0.200 7.3x1072 cn®

¢

Theoret;'.cal optimum bubble frequency (n) for the
‘bubbler (B) and the Teflon measuring tube

8

(Figuxre 4-8).

n(Teflon tube, r = 0.08 cm) n(B, r = 0.132 cm)

1.0 0.23
3.6 - ‘ 0.80
5.7 1.28
8.1 | 1.80
11.3 / 2.3
C21.3 ‘ 4.75
28.3 6.31
35.6 C o 7.92
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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 length of tubing
required to contain a segment of liquid stream containing
10 bubbles. ' _
2) Individual bubble length (L) using the length
of at least ten bubbles sighted through a transparent 0.08-cm
I.D. Teflon tube. , ( ;
3) Frequency directly using a photometric detector |
with low (8 pL) dead volume. This system was found to be
inadequate for measuring bubble frequencies greater than
n =23 ~sec'~l and thustwas used principally for gathering data
for display (example Fig. 4-7).

- t

Bubble volumes were calculated using the equation
VvV, = Lmr . (4-6)

where r = 0.04 em. This equation assumes the bubbles are !
cylindrical and does not correct for rounding effects at the
bubble ends. The use of narrow diameter Teflon tﬁbing (0.04-

. cm radius) for measurements of B and L allowed this \
approximation to be made (estimated error < 10%).

Bubble frequencies were calculated from the following
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| ’ = -
n BFT/VT (4-7)

where FT and VT are total flow rate {i.e, FR + Fg) and unit

tube volume (cmz), respectively.

-

»

The effect of reagent flow rate on n was tested

1

by varying flow rate F_ over the range 0.5-7.0 mL-min ~. The

R
effect on Vy and n of varying Fg over the range 0.030 to 1.0
mL-min"t was investigated and the effect of position of
bubble needle (E) on bubble frequency n was investigated

by varying E. 1In all cases V and n were calculated using

Egn. 4-6 and Egn. 4-7.

To test the validity of this experimental approach
a relationship between the dependent and independent variables

o

was derived such that

A= BVB/VT and C = FA/F {4-8)

R

and

A rectilinear plot of A versus C is given in Fig. 4-9 and
shows that the experimental approach was valid over the flow
ranges tested and lacked obvious’éystematic error.

The effect of varying FR (presented as FHZO) on n

is shown in Fig. 4-10 and indicates that .this variable has

‘
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little effect on n and Vp over the range investigated.
o

The effect of varying F_ on Vp and n is shown in

)
Fig. 4-11 and 4-12. These results are for two positions of .
: "o
the bubble needle, E = 0.4 and E = 0.8 cm. The bubble . g

frequencies and volumes are in the desired ranges discussed

in the presentation offSnyder's equation and Tables 4~1 and
L2

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 bubbler ht;\s some
adjustability and can be operated at either low (less than
0.5 cm) of high (greater than 0.5 cm) frequency.

For E in the range 0.8 cm, the bubble Qolume Vg is

3 3

seen to be in the range 1-2 x 10~ em”. This range corresponas

to the optimum V_ far c.f.a. reactor tubing of diameter 0.1 cm.’

B

Furthermore, this diameter.tubing was foun{i to be well

suited for the specific c.f.a. developed here as will be shown

in the following sections. i !
The optimum bubble rate (n) depends on many parameters

but the range of 1-10 sec"l covers the usual optimum range

for p.c.r. work, Thus the bubbler used.here was well suited

for use in the c.f.a., system. ‘As will be seen, a significant
amount of dispersion in the c.f.a. occurs due not to bﬁbbling
or extended reactor delay times, but rather to sources not

‘accounted for in Snyder's equation. These other sources of

o

JESNU W—
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dESpersion are ﬁhe connecting tubing and the debubbler-
detector connection dead volume, which are discussed in the
'following section.

\

e
4.2.2.2 Ancillary tubing and. some pressure considerations

QOnnector tubing (CT)
This tubing is used to maﬁé connections between
. components of the c.f.a. and the perﬂ%taltic pump. Excépf
for the case of the bubb;ér, the only .requirement of this
tubing is that it exhibit chemical inegtness and be of low
dead-volume, an aid when changing composition of the reagéﬁts.
A 0.159-cm 0.D. and 0.076-cm I.D. Teflon tubing was used
- for CT'

Reactor tubing (RT) o

This tubing is used to make connections between
\ on-line components of the c.f.a.kwhere no segmentation occurs
and thus must be.of low dead volume as well as be chemically
inert. The band broadening associated witqncondecting tubing
has been described (38). The connections betveen the sampler
(h.p.l.c.) and bubbler as well as debubbler’ and detector
were made using 0.159-ch 0.D., and 0.0254-cm I.D. Teflon

tubing and were held in place with standard Swagelo]é3 stain-

TR AP e 1~
-

less steel ferrels and compression nuts.
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Pump tubing (PT5

This tubing was specialized and}matched the
peristaltic pump being used. for a constant speed multi- ’
channel pump, changes in tube interior diameter are used
to vary the flow rate of a given channel. For instance,

Table 4-3 shows the various diameters, nominal flow rates and

,measured flow rates for the P,, used in this work. The flow

T
rates are expected to vary ¥ 5% between tubing.

In addition to a characteristig interior diameter,
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 studx one of the major problems associated with using
the post-column reactor was finding fhe proper pump tube |
for the reagents being Rumped. It was found that all

solutions containing acetonitrile required silicon pump

tubing. Other reagents were pumped with the polyvinyl chloride

pump tubing. All tubing was purchased from Technicon Corp.

(Tarrytown, New York) for use on the peristaltic pump (PP),
the Technicon Pump III, used during the course of these

studies.

Delay coils (DC)

The requirements of a delay coil are that it shows:

i e Y e

oo o
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Table 4-3:

1

N

11
o

Color code, reported: (manufacturers) delivery .

rates and measured delivery rates for P

Color Eode

orange-red
orange-yellow
orange-white
orange
white
red.

gray

purple i

i
/

/
/

I.D. (cm)

.0.019
0.051
0.064
0.089
0.102
0.114
0.130
0.206

1

Nominal Delivery

Rate (mL/min)
0.05
0.21
0.30

‘\ 0.49

0.66
0.83
1.00

2.44

v

Measured* Delivery
Rate (mL/min)-

0.03 -
0.16
0.23
0.42
0.60
.0.80
‘1.00
2.50

*
/ Measured using a 5 mL volumetric flask and stop-watch.

I
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&
1) Chemical and thermal inertness.

2) Hydrodynamic compatibility with the moving
stream (i.e. wet ability).
3) Mechanical properties assuring easy handlihg.

1

4) Proper diameter (dt) for minimum band broadening.
.. 7)’

5) Proper total volume for su;?ficient delay time
at the reagent flow rq»(e?)being used. : N

0f all the materials tested (Teflon, Polyvinyl
‘chloride, polyethflene, glass and stainless steel 316) |
‘stai.nless steel was found to be the most useful and“fulfilled
requirements 1-3. One of the limitations of Astainless steel-
was the relative incompatibility of this material with .
halides\ but other‘wise the ovc;rall chemical and mechanical
properties made it a useful material.

With respect to the choice of proper da'.ameter and
wvolume of the delay coil referal to the work of Snyde;f
(section 4.2.1.2) was of aid, but only when considered in

the context of the practical aspects of choosing reactor

tubing. The overaIl flow balance of the c.f.a. is

F_=F_+F . (4-9)

P
A = Q\
where FR pX FRn and If‘T, Fg and FRn are the total, gas and‘ Y
. o : o
individual reagent flow rates, respectively. By substitué?mg

Eqn. (4-5) intélEqn. (4-9) and also allowing for the reaction

s
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delay time‘ﬁo determine FT,~the resulting expression is
- . » “‘éj‘ - ) . q
sy JTd AV ' :
- ) t > 77 3 RY
-,4» 4t‘ —_ F + ﬂ" dt n !4 10)1
and thus .
' atF
o L2 5 + (7/6) d.nt (4-11)
. P ndtJ -

’

where t is the required reaction time. When L was evaluated”

for the wide ranging conditions of:

dt = 0. 0254, 0. 761 0. lO, and 0 20 (cm, all
commer01ally avaJ.lable).n - , o
| Fp = 0.0083, 0.017, 0.033, and 0.0667 nL- sec >,
t = 60 sec. o ” . o
o . -1 b v
n= 0.1, 1.0, 10.0 (sec 1).

« (S

allowed judgement

(o]

‘The results, shown in Fig. 4-14,
on &mich conditions were practically attainable.d‘For instance,,
using the tube size 0¢025 (0.010" I. d’) at a Fp of 1 mL/mln
requires a minimum of 20 meters of reactor tublng for 60 Sec )
of delay tlme. This length of tublng is not practlpa{ for U

use in a c.f.a. The diame%er tubing of practical usefulness

as well as hav1ng moderately narrow lnterlor dlameter for ~\’\

band broadenlng is elther thé’o 05-or 0. 1—cm6I;D tublng.

- o

o
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The 0.l-cm tubing allows more flexibility in choice of F;
the relatively high flow rate of 4 mL/min required only 4 .
meters tubing for 60-sec delay. '

Some pressure considerations

Back pressure considerations are important with
‘respect to the action of the peristaltic pump (PP) and the

‘bubbler (B). Using the Waters 6000A pump and a strip-chart

s

#

recorder connected to the output of the pump's pressure
‘transducer allowed measurement of the back pressure developed
when disti}led water (22°C) was pumped through various
/“”;:ubing diameters and lengths. The results, presented in
Table 4-4, were deéived from plots of back pressure developed
in 3-m segments of the tubing c;ver the range 0.5-9.0 mL/min.
Linea; relationspips were seen _be::ween length of tubing and
pfessure drop reco‘rded. The results indicate that 0.l-cm I.D.
-tubing haé low enough pressure drop to be usefu‘f’ over a wide
range of conditi:ons.
The tubing u;ed for the DC of the c.f.a. was 0.10-cm'
I.D., 0.159-cm 0.D. (standard 0.030" I.D., 1/16" 0.D.)
stainless steel 316 tubing. The coil diameter of the tubing

was 1 cmecas measured from the exterior of the tubing.
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! ~Table 4-4: Back pressure associated with various internal tube
‘ ‘ diameters of some commerecially available stainless
; steel tubing.
i - AP . °mL
: 2% (psi) M
? - Tube I.D. (cm) . M. S
s ' 0.025 100 psi )
! :
0.076 ’ "~ 10 psi - i
. i
- 0.170 n 5 psi
¢
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|
4.2.2.3 Ancillary equipment, .pull-through and the segmentation

gas

Proportioning pumps (PP)

For the low-pressure application of c.f.a. a linear
peristaltic pump, Technicon Pump III, (leased from Technicon
Instrument Corp. Tarrytown, New Yark, 10591) capable of

delivering 23 flow channels in the flow range 0.015 to 3.90

\
WL/min/channel was used. This pump came equipped with an air

Bgr used to syncronize the bubbler with lift-off of the

- p&mp rollers but was not used in the application described

here. Also, the pump runs at two speeds, normal for reagent
delivery and a pre-timed fast for wash out of the c.f.a.J
When the system was shut down the c.f.a. was washed out with
distilled water using the fast cycle. The entire systsm was
periodically washed with 10% nitric acid solution. ?

Tees (T) - -

The requirements of the tee connectors were that
they enable different -liquid streams to merge without
disruption of the bubble segmentation pattern or excessive
band broadening of sample. The stainless steel Tee connector
used for the bubbler (standard SwageLoﬁg design) was also
used for all other tee junctions. The aéyantage in this
was that all connections were made with standard material
of low dead volume capable of\withstanding high temperature
and pressure (8,000 psi max). 1

I ﬁ . ‘

?




pe

Y

VERIPRSRE

SaFeer

\ 121

;o

Pull-through (PT)
AN

3

The pull-through was used in Eonjunction with a
debubbler and was required to sample the c.f.a. segmented
strxeam. The main requirement was that the maximum PT be
attained while stillﬂenabling the debubbler to reject bubbles.
This value for maximum PT is normally tgkeg (36) as having

a value of 0.7 FT.J

The PT must, however, be adjusted to a particular
. .

system. During the course of this study various pull-throughs

were utilized (from 0.42 to 1.0 mL/min) depending on -the
reagent composition of the reactor, and were accomplished by
using one chaﬁqel of the peristaltic pump with appropriate

sized tubing.

Segmeniation gas
All reagentg and the mobile phase of the h.p.l.c.
(sampler, S) were degaséed continuousl& using the helium

displacement method. Segmentation was also done using helium.

This prevented:
\

1) Dissolution of segmentation gas into the reagent

stream.

v 2) Interéction of seghentation gas chemically with
the reagent stream.
‘ 3) Bubble formation in the detector cell due-to
partial-ﬁ?essure 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

successful in accomplishing this goal.

122

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 propcsed (40).
In dll cases the debubbler was used in cénjunction with the
pull-through to 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 breakdown.

2) Low dead-volume and good purge characteristics.

6

The debubbler used here, schematically represented-

in Rig. 4-15, was a standard unmodified stainless steel

3

Swagelok‘D 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 sample and

-

bubbles from the debubbler is to allow the debubbler waste

to flow directly into.a waste container. This is not

efficient since a different back pressure occurs at the

B I
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Figure 4-15. Schematic representation of the debubbler

daveloped and used in the study. p.c.r. refers to the

reit of the p.c.r., detector refers to-either the Schotfel )
SKI70 gr F5 370 as wall as the direction of flow from the

pull through (PT). The aspirator naedle removed waste ,I
fluid not directed by the PT through the dstector.

o

ks /\
; .
p 2
-
AcTiGLYCERIDEZS T BASE =————in GLYCEROL AND FATTY ACIDS
SopIuM —
GLYCEROL PERIODATE 2 FORMALDEHYDE AND
FORMIC ACID
_ 4 1 O
2 o
+ R, ,
FORMALDEHYDE RASH REAGENT
, 3,5-DIACETYL-2, 6-
3 DINYDROLUTIDINE

Figure 4-16. 'Triglyceride analysis using sequential reactions.
Details are presented in Table 4-9 and the text, The reversed

numbsring is used in conjunction with the optimization of the
reaction 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 level
of waste in the waste container. To;éircumvent all these
problems the top of the debubbler was capped with a l-cm

tall piece of Tygoﬂa tubing punctured at the base with a

needle connected to the peristaltic pump. With this
aspiration (2.5 mL/min) the debubbler workeduefficiently’and
independent of the waste line.

The need for a debubbler can be eliminated in
cer@ain instances. Alternatives to debubbling are the use
of analog electronic debubbling (36,41,42) or'digitai
debubbling (43). 1In 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 specifically for the application

described here is presented in a following section.

4,2,2.5 gampler (S) and the detector

-

The sampler used in these studies depended on the
application. 1In Chapter 5 the c.f.a. is evaluated for use
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 identical

to reagent addition. Another sampler system used the Waters
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g

s
6000A pump and UK6 injector (Section 4.3.4) for sample addition.

This was used in an application ancillary to the c.f,a. and

. . . @&
involved f.i.a. ety

The detecktor used in these studies also depended on

‘application. When high sensitivity was required, the

Schoffel FS970 spectrofluorimeter was used. For applications
requiring low sensitivity the SF770 spectrophotometer was
sed, Often both detectors were used‘qn series to check
‘each others' operétion. These ‘detectors are described in

 detail in Chapter 5 and are identified here when used.

THE CHEMISTRY OF THE POST-COLUMN REACTOR SYSTEM,

STAGE I

The general reaction steps required to gquantitate

triglycerides and phospholipids is presented in Fig. 4-16,

whe the following occurs:

Stage. ' \
%(III) Saponification of the triglyceride to glycerol.

%(II) Oxidation of glycerol to formaldehyde.

&I) Chromophore development based on formaldehyde.
,§~summary of the conditions used for triglyceride

¥nalysis ﬁ eight Jf the more widely cited papers dealing
| i - -~ -

ith this‘ﬁethod is presented in Table '4-5. The concentrations

1
h
i

e

”

presented h?eanot those reported in the original references
LS . .
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A = acetic acid, S =

b

410
510’ &

absorbance at v A

400-420°

All molarities are given as concentrations of the .reagent described in the reaction mixture. >
sulfuric acid, H = hydrochloric acid.
."RT = room temperature, V = varied with-each step.

F,= flilorescent detection at~ )

. Yl
Table 4-5: Sumary of the experimental conditions used by various authors to determine triglycerides.
- b \
.5
<
Y o
§ 5 : 48 §
'g pl 111 w1l ITI o3 fi I S y
F . . . .
g g g Conc. g 2 % g % 5‘ W §
& . Reagent 8 NaIoy. & S~ OEF R I Camment Ref.
1. I 0.29M KOH I 0.025M A 0.025M 0.7M 50 F A original system, see refs. 1 & 2 . 3
2. C¢-M| 0.4M KOH E 0.0045M s | 0.72M 1.0M \ M procedure incomplete 44
. Reagent I is used after 1 h
3. IN 0.084M Na(Me I 0.0074M © A 0.09M 0.05M| 50 F A and within two days 45
4. IN 0.012M KOH I 0.003M A 0.0005M 0.37M| 50 F A 46
5. IN 0.0028M NaQMe ‘HZO 0.005M HZO 0.017M 0.44M | 50 F A 47
6. IN 0.05M NaCEt 1 0.001M S 0.0025M 1.5M 60 ? M Reagent I is used within 1h 48
7. IN %‘SAT'D NaCMe IN { 0.014M A 0.10M l.eM RT A A 49
8. IN 0.05M KCH E 0.01™ H 0.035M 1.0M 60 A A 50
1 = ispi)ropanol, n = n-nonane, E = ethanol and C-M = HCC13-MeOH.
2

9ZT1




e o

PN

o R o~

o e eIy U e e merawa B

127

but derived by multi?lying the reported values by a dilution
factor that accounts for the different reagent and tatal
reactor flow Qates reported. ‘AlI concentrations are thus
directly comparable. X

The following trends are éiécernable from Table 4-5
and the original references:

1) Extracéion methods have been favored over column

techniques for separating triglycerides from phospholipids.

‘Isopropanol-n-nonane is efficient in separating these neutral

lip;ds 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 sodium
periodate in acidic medium. The periodate concentration‘

3 2

ranges from 1 x°*10 ~ to 2.5 x 10 “ M.

4) Chromophore development utilized the Nash reagent
in a wide range of concentrations of 2,4-pentanedione (5 x 10"4
- 0.72 M) and high concentrdggéfs of ammonium acetate
(0.44 - 1.6 M). Alsco, many observations on the stability of
the Nash reagent were feported. While 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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All work emphasized developing a method having
wide linea£ range with particular emphasis on extending the
upper rather than lower range of the~method. This is because
oplyfhigh concentrations of\triglycerides in serum have
clinical significance.

~

The chemistry of the p.c.r. was investigated in

two stages. First, alternative chromophore developing agents

were studied to increase the efficiency of stage I of the 7
‘reactor. Then stages II and III were investigated to

determine the optimum reagent coméositions and concentrations.
All stages were then joined and optimized with respect to

oné another by a novel method developed for this study. The
total (chemistry and hardware) is evaluated in the next
chapter.

\

4.3,1 The Chromophore Developing Reagents

‘ Introdiction

9

Reagents for formaldehyde, a major constituent of
combustion gases and polluted air (51), are of géneral
interest because of the significant if;itation (52-54) and
recently diécovered carcinogenic (Sg—57) properties of this
aldehyde. The latest recommendations on formaldehyde
concentration are for‘the "lowest practicable concentrati?55

in indoor residential air® (57). Thus, this topic is of

.
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sigpificant contemporary interest as well as being of
interest ffom the standpoint of detecting phéspho- and acyl-
glycerides. Also, since many other classes of compounds
such as carbohydrates can be converted to formaldehyde by
oxidation (58-61), this reagent would be of interest for
use in either bench methods or in a p.c.r. for h.p.l.c.
éet;ction of other presently poorly quantitatable compounds.
The colorimetric and fluorome%ric methods for
detecting formaldehyde have been comprehenéively reviewed in
a recent g€ries (§2). The method of Nash (63) and the more
recentl%/introduceé method of Sawicki and Carnes (64,65)
both enable formaldehyde detection under relatively mild
reaction conditions. They are related since both involve a
condensation reaction betﬁeen formaldehyde and a reagent
coﬁsisting of a 1,3-diketone and ammonium acetate. 1In the
Nash meth;d, based on the Hantith pyridine synthesis (66,67)
formaldehyde reacts with a reagent consisting of 2,4jpentﬁne-
dione and conceﬁtrated (approximately 2 M) ammonium acetate.
The chromophore developed is 3,5-diacetyl-2,6-dihydrolutidine,
which also exhibits fluorescence (68). The method of Sawicki

and Carnes (63,64) uses dimedone (5,5-dimethyl~-1,3-cyclo-

hexanedione) or Lgﬁrcyclohexanedione as the l,3-dikétone.

The reaction of formaldehyde, cyclic 1,3-diketone and ammonium

acetate was first described by Vorldnder (69-71).

Dimedone (is the Vorlander reagent (71-73)) or

o
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l,3—cyclohexénedione (74) has also been used for the gravi-

metric analysis of formaldehyde (with no ammonium acetate

- N

présent) and was aé one time the only ;eliéﬁlé method for
gquantitating formaldehyde. The reagent was also used qé a
ébot test for aldehydes after condensation to the aldone
product (74) and further oxidation to red,ér brown compounds.
Formaldehyde was  also determined by quantitating, ampero-
metrically, excess dimedone indirectly using godium nitrate;
as ‘the electrochemically active agent (75). 1In the original
description of the use of chromotropic acid for determinations
of éormaldehyde in biolégical samplesﬁ\Vorlénder's reagent

wa; used for standardization and comparison (76). After thé
introduction of chromotropic acid, colorimetric analysis

became more established for formaldehyde determinations but
dimedone was still used as an aldehyde trapping agent, after
which the aldgne derivatives were hydrolyzed under alkaline
conditions ané the released aldehydes determined with 2,4~
dinitrophenylhyérazine (77) . With the iﬁtroductipn of gas
(78,79) and liquid chromatographic”techniques (80—-82) the
selectivity problems associated with 2,4-dinitrophenylhydrazine
have been eliminated. Thus dimeéone's use for quantitating
aldehydes has declined. ] < N
When trying to apply either the reagenté of Nash

or Sawicki to continuous automated determinations of

formaldehyde it was found that they were both unsuitable for

; . ey
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a varietg of reasons. Due to the presence of high concentrations

. of ammonium acetate, high viscosity and poor mixing of the

ﬂ!

. . \
reagent with the other components of}%he reactor were noticed.

.

Also, long reaction times (up to 301min) and high reagent

-

background readings made ;hese methods inefficient for the
high éfficiency pontinuou; flow reactor developed here.

- This section deals with the development of a reagent -
which is selective for formaldehyde and well suited foré
continuous-£flow aﬁalysis. The ideal reagent for this
app}ication would have the following propertie;: _.

1) Extremely‘large reaction rate giving a chromophore

4

which possesses a property that can be selqptively detected
» ) - o
(e.g. fluorescence, absorbance, etc.) ) '
" |t
2) Specific for the compound of inéére$t

o 3) Stable as a reagent .

4

.4) Low viscosity and is easy to mi# with other

reagents in the systems

5) Low background signal. J
* The reagent developed for use in thé\reactor was
\

designed to have all of these properties (83,84).

i
-

4.3.2 Preliminary Studies: Introduction n

R .
\ These studies involved some classicafé;gegical‘f

°

investigative work on the Nash and Sawicki reagents. Fitstﬁ‘

.'\—?‘
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‘the reactions of some 1,3~diketones, ammonia and formaldehyde

were investigated.

“

Then high-sources of background in the
Nash reagent was followed. Then #he reagents of Nash and
Sawicki were étudiedjusing th%g-léyer chromatography for
clues to their mechanism of réac?iun,yitﬂ formaldehyde.
Alternate 1,3-diketones were investigéted 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 for sources of
bacggfound contamination since one of the striking féatures
of the reagent was its color.. When an old s;hplé of 2,4~
pentanegione (Baier analyzed, source 3) was added to 2 M
ammonium acetate solution, the d}ketone dissolved to give a
yellow solution. The compound  responsible for this yellow
color was indicated by thin-layer chromatography (t.l.c.)
to be the product of the reaction of condensation with
formaidehyde (yellow in color with green fluorescence) and
thus a large source of formaldehyde contamination was present
in the reagent. Another feature of the reageﬁt was that the
diketone was seen to be insoluble in water but soluable with
heating in ammonium acetate solution. It is well known
that 2,4-pentanedione reacts with ammonium hydroxide or
ammonia gas to form the ammonium 2,4-pentanedionate which <
then undergoes internal feacﬁion 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 prbduct and that all

of the reagents containing 1,3-diketone and ammonium acetate

had as their active forms the iminodiones.

fo—

/

e il e

4,.3.2.1 ’Experimental

- g &

The reactions of the 1,3-diketones (0.1 ﬁ in methanol,
1.0 ;nL):‘

1) 2,4-pentanedione.
} \ 2) Dimedone (5,5-dimethyl-1,3~cyclohexanedione).

3) 1,3-Cyclohexanedione.

4) 1,3-Cyclopentanedione.

fr i e S

5) 1,3-Cyclopent-4-enedione.
(all purchased from Aldrich Chemicals Co., Milwaukee, Wis.)
with 2.0 M ammonium acetate (1.0 mL in Hy,0) and 36%
formaldehyde (100 uL) were run in a fluorescence cell and

the fluorescence monitored. They were also followed by thin-

Lo v Y O PR e . e
-

layer chromatography (silica coated plates, ethyl acetate:
methanol mobile phase).
These reactions were ipvestigated further by t.1l.c.
E \ and preparative syntheses:
‘1) The reaction involving 2,4—-pentanedione was run
as described by Erikson and Biggs (87). When monitored with
' thin-layer chromatography this reaction ga#e one fluorescent

product (Rf 0.85 in chloroform, methanol, ammonium hydroxide

§
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1/1/1,499 silica plates) yield 90% and m.p. 204—5§%°c (c.f.
201-205°C (B7)) after recrystallization in methanol.

2) 'The reaction involving dimedone was run using
the procedure of Sawicki and Carnes (64): to 7 g dimedone
dissolved in 20 mL gthan;l‘was added 38.5 g ammonium acetate
ahd 20 mL glacial acetic acid diluted 1/1 (v/v) with water.
After heating to SOJb rapid addition of 2.1 mL 36% formaldeh
gave a white precipitate which when isolated was found to -
be 2,2'—methylene—bis—(5,5~dimetéyl-3—amino-cyclohex;é—en-l-
one% in almost quantitative yield (m.p. 241-242% c.f. 242°
(88)). With dropwise addition of formaldehyde the fluoresce
product was isolated in 10% yield, m.p..288-230°C (c.f.
296-297° (70)) after recrystallization in-acetone.

3} 1,3-Cyclohexanedione (5.6 g) replaced dimedone
in (2). Rapid addition of formaldehyde gave a precipifate
of clear crystalline sheets with m.p. 130-133°C. When

formaldehyde was added dropwise the fluorescent product was

I

*isolated, m.p. greater than 300°C, yield 20%.

4&5) The reactions involving the cyclopentane-, and
pentenediohes went as followed with t.l.qi,/to:a'vér§ sﬁall
extent and with low yields w@igh-weféxgét isolated.

For the backgréﬁ;é>studiés 2,@-pentanedione was
purcﬂased from the following sourcés:

1) Sigma Chemical Co. (St. Louis, Mo., USA), two

grades, one reagent (A3511) and the other their special grad

134
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(405-4) for triglyceride analysis.
2) Fisher Scientific (Fairlawn, NJ, USA) Reagent
chemical 761510.

¢

3) "Baker Analyzed" (J.T. Baker Chemical Co.,
Phillipsburg, NJ), Reagent 99.0%. ™ - 1

4) Al&fich Chemical Co. (Milwaukee, Wis.), Gold
Label 99+%.

These were assayed for fluorescence background by
adding 5 uL of the respective 2,4-pentanedione to 2.0.mL 2 &
ammonium acetate. After 50 min the fluorescence (excitation
410 nm, emission 510 nm) of the solution was measured. N

The investigation of the condensation reactions

involved addition of 1,3-diketone to 2 M ammonium acetate

>

and then heating to 80°C for 24 h while periodically

‘ monitoring, using thin—layer‘Ehromatography, the reaction

mixtures. Thus to 20 mL 2 M ammonium acetate {in 50/50 v/v
HZO/methanol) was added either 1 mL of 2, 4-pentanedione or
1g of dimedone: After 24 h the startingfl,B-diketones were
not detectable by the chromatographic process but a new
major and many minor bands were observed. When an aliquot of
the reaction mixture was treated with a drop of 36%
formaldehyde, chfomophore development was immediately evident
by the color change and thin-layer chromatography showed that
the"original major préduct band was no longer present; Also,

when the developed tﬁin—layer plates of the reaction mixtures

o
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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 diécussion

-

The reactions occurring between the 1,3-diketones,
ammoﬁia and formaldehyde are shown in Fig. 4-17. Except

for case 4, all product structurés were confirmed as presented
in the following sections. The use of 1,3-cyclopentanedione
and '1,3-cyclopent-4-endione as the basis/for aldehyde
‘reagents was abandoned at this preliminary stage; their
regctivities were very low.

In the background study, the fluo?escence intensities,
when compared to a standard curve made up by measuring
fluorescence versus concentration of 3,5-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. Vorlinder (72,73) mentioned that dimedone

was easily oxidized to 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

v e mr——— | St - 1< o s it 2 e et e e et 3 erwertan.
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Table 4-6: Lutidine molar equivalence for various sources

——3

of 2,4-pentanedione.

Source Lutidine molar equivalent¥*
Sigma a) Regular (A3511) 7.6 x 1073
b) Triglyceride (405-4) 6.7 x 107°
Fisher ‘o t1.1x 1074 M
Baker Analyzed 8.5 x 1070 M
Aldrich Gold Label 3.3x 1070
N ) .
Assuming 100% reaction, is equal to the formaldehyde N

contamination in the system.
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high ¢oncentfapions:
Aldri&h Gold Label 2,4-pentanedione was used for the
rest of these studies and as a precautionary measure was _ ‘
stored at -20°?@in the dark when not in use.
Thedt%l,c. studies indicated tﬁat'there occurred in
situ in the forméldehyde reagents a product of ammonium
acetate and 1,3-diketone. This product, an iminodione, was
most‘likely the actd&l_agent in the reagents under investigation.
Thus a more detailed investigation of the reagerits' chemistry

¢

was initiated since, if the iminodiones were usable isolated, .
much of the high blank and mixing problems encountered in
the original reagents could be eliminated. The detailed S

chemistries are described next.

4.3.3 * Detailed Studies: Introduction

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 well understood just two years prior
to Nash's development of his reagent (89). This situation
has not improved since fhen. However, this investigation has

relied heavily on previous work (89).

Fig. 4-18 shows the various intermediates and reaction
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pathﬁays 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

with one mole of formaldehyde to form the fluorescent lutidine 3
product. Reaction 3 is the reaction of formaldehydé with
2,4-pentanedione to form the bis-methylenedione. Reaction 4
is the bis-methylenedione reacting with ammonia to form the
lutidine chromophore. x

In order to show that each reaction could occur under

- i Sl s .

conditions of the analytical assay (i.e. conditions of the

Nash reagent) the intermediates II and III were synthesized

o

using conditions similar to those found in the Nash reaction.

S

These were then shown to react further to give the lutidine

chromophore. Following this, an h.p.l.c. method was developed -

to quantitate simultaneously compounds II-IV and this

kM A<M b Ukt s Aol e kot ok AL R ot s b

procedure was used to further investigate the reactions

involved in the Nash procedure.

i st

The study of the Sawicki and Carnes reagent (64)

paralleled the study of the Nash reagent and an identical

/ . experimental approach was taken. Thus, reactions 5-9 in

Fig. 4-19 wére investigated as possible pathways for the

¢

Sawicki reaction by both synthetic and chromatographic means.

t

Reaction 5 is the reaction of dimedone with ammonia

to form the- endogenous iminodione mentioned in the preliminary

e

i3
£
study. Reaction 6 'is the condensation of two iminodiones g
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;Jith formaldehyde to form the compound referred to as the
bis—iminodione. Reactior; 7 is the acid catalyzed ring )
closure of the bis-iminodione to form the fluorescent product
of the Sawicki and Carnes reaction, here called the acridine-
dione. Reaction 8 is the classical reaction of Vérlander,

historically used for the gravimetric analysis of formaldehyde.

" The product, bis—(4,4—dimethyl-—2,6—diox5cyclohexyl)methane,

is also known as aldone. Reaction 9 is the reaction of aldone
and ar;unonia to.form the acridinedione chromophore of the
Sawicki reaction. .

These reactions have been partly:described ‘in various
p\léces in the literature (see synth‘etic procedures, below) .
None of thﬁe reactions have been preyiéusly discussed with
reﬁgrenée to t:.he reagent of Sawicki and Carnes .nor with b
reference to the original reactions of vorlander. |

The comparison of the Nash and Sawicki reactions !
was )done‘by referring to some studies on the pH dependency

<

of the .reagents‘ reaction rates. Thagée are also reported.

e v :

-
ol

Synthetic procedures

Compound I: 2,4-pentanedione was investigated as

o

mentioned in the introduction.

Compound II: 4-amino-3-penten-2-one (Fluoral-P in
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the reagent form). Twenty mL of 2,4-pentanedione in 50 mL

of 4 M ammonium acetate, pH 5.5, was heated to 80°C for 3 h,
extracted into chloroférm and vacuum distilled (bulb-to-bulb,

5 mm, 64°C) to give a clear viscous liquid which solidifi%d A
upon cooling (yield 32%, 5.66 g; m.p. 45"‘;123_‘; recrystallized

from ethyl acetate:petroleum ether). Structural assignment

was based on chemical (conVersi‘on of II to IV with formaldehydé)

and spectral data (n.m.r.: H%OOMHz' D-chloroform; ¢ 2.75 (3),

s

2.87 (3), 5.87 (2), 8.10 (1), all singlets; m,s.: 99.0674~

9NO; i.r.: chloroform; 3500 (s), 3120-3440 (b), 3200 (s),

1624 (s), 1597 (s)), and micrbanalysis C 61.03 (60.61),

CgH

H 9.30 (9.09), N 14.38 (14.31), theoretical in paren\sheses.
This compound wasrh also synthesized on large scale
(kg) by an alternative route modified from the literature
(86). This in\;olved adding cold ammonium hydroxide to cqld
2,4-pentanedione with stirring until no more ammonium 2,4;

pentanedionate formed. The large amounts of heat given off

required that the ammonia was added very slowly and with

.

constant cooling in ice, The ammonium é,«l‘-pentanedionate)
was next stirred for 4 h at room temperature. The reaction
mixture was tﬁen extracted three times with ether and the

' recrystallized (from cold ether) 4-amino-3-—penten-—2-—one was
recovered in 70-80% yield, m.p. 45°C. The recrystallized
product was suitable' for use as a reagent but vacuum

sublimation at room temperature was found to be useful when

YowmEe 0 nm ORRRR U a e e b Sl R o SN, B e s wBT A eyt eerenia
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sensitive determinations were required.

Compound III: 3, 3'-methy1ene—bls-(2 4-pentaned10ne)

To 1 mL of 2., 4»pentanedlone|1n 20 mL of 99% methanol. 1%

e

e

acetic.acid was added 4;mL of 37% formaldehyde. After 10 ‘min

of stirrihg and evaporatioo a white crystalline mass was
1splated this was recrystalllzed from ethyl acetate (yield

140~ 142°C).

89%, 0.923 g; m.p. Structural ass;gnment was

‘based on chemical (conversion of IIT to IV with addition of
/
ammonium acetate) and spectral data (i.r.; 3200236Q9 (b),

1695 (s); n.m.x.: 6 1.3 (3), 255 (3), 2.6 (1), 3.8 (2), all

singlets; m.s. 212, 150, 112, 109, 43 (base))., The meltihg

point data indicate that the di-intramolecular hydrogen-
bonded specles was 1solated since the free and mono-intra-
. molecular hydrogen-bonded species have already been assigned

different melting points (90).

-

Compound wv: 3, 5-d1acetyl -1,4-dihydro-2’, 6~ lutldlne.

The method of Erlkson and Biggs (87) was used. Also, II was

f-\
employed by reaction of formaléehyde in pH 2.25 phosphate :

J

buffer or III with molar ammonium acetate, pH 6.0, after 30 min

of stirring. All products were recrystallized from methanol,

m.p. 204-205°, c.f..200° (63) or 201-205°
» .

4

(87), with yields

greater than 90%. ) ’

{

¥

’

<

>

Compound VI:

5 S-dimethyl—3—aminocyclohex-2—en~ﬂ—one.

e el ot 40 A e e e

e

The method of Greenh111 (88) was used. (yleld 8l%) as well as,

a method smmllar to ‘that described for II (y{eld 27%, m.p.
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166.5—167°,t c.f. 164-165° (88)).

Compound VIIi 2,2'-methylene-bis— (5,5~-dimethyl~3-
aminocyclohex-2-en—1l-one). The method of Greenhill (88) was
used. In addition, this compound was iusolateii whenever
attempts were made to convert VI to IX by the rap'%d addition ‘
of formaldehyde (m.p. 241-242°, c.f. 242° (88)).

Compound VIII: Bis-(4,4-dimethyl-2,6-dioxocyclohexyl)
methane. The method of Horning and Horning (91) was.used
(yield‘ 95%). Also this product Jras isolated when following’
the syﬁthletic method of Sawicki and Carnes (62) for IX pu
formaldehyde is added at a, rate faster than dropwise (m.p.
191-191.5°, c.f. 189-190° (92), 191-191.5° (91))..

Compound IX: 3,3,676—tetFamethyl—l,2,3,4,5,6,7,8,9,1ﬁ-
decahy?iio-l,8—acridinedione. The method of Sawicki and
Carnes (64) was used and the product was recrystallized:
from acetone (yield 10%; m.p. 298-301°, c.f. 296-297° {93)).
Also IX was synthesized by heating VIII in 2 M .ammonium
acetate (pH 5.5) for 3 h at 80°C or directly from VI or” VII .
by modifying "thé alterka{:e method for VII to include over-
night heatix}g at 80°C. :

Chromatography studies

The éhromatographic assay used the equipment described
in Chapter 1I except that the normal rather than reversed-

phase made was used. The following conditions 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.).

Flow rate: 2 mL min_l. ’ . 5 <,

L Detector settings: 254, 285 or 410nm.

Injection volumes: 25 uL.

' 9 -6

Standard concentration ranges: 10 ~-10 moles-injection-l.

Temperature: ambient.

Sawicki Reagent

Mobile phase: Ethyl acetatectpetrqleum ether:methanol

(60:40:0.5 v/v/v). B
Detector settings: 254 and 397 nm. ¢
Standard concentration ranges: 2 x 1077 to 2 x 1078 mole- N

injectiont.

" All other conditions as with the Nash Reagent. & . .

PH studies
The pH dependency of the reaction rate of both

reagents. for formaldehyde was investigated,
For the reagents, the pH range from 4.3 to 11l.3
was investigated by adjusting 1.0 M ammonium acetate to the

desired pH using either acetic acid or ammonium hydroxide.

—

The reactions were initiated by addition of 100 uL 1.2 x 1074 M

e e et e 5 ot e, e < 8
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f formaldehyde to 2.1 mL 9.5 x 10-'4

M 2,4~-pentanedione or
b dimedone in 1 M ammonium acetate solution (23°C). The reaction
was monitored by fluorescence at their characteristic
excitation and emission wavelengths. Initial rates were
g ) . measured for each pH run and reported in relative units as
the mean of triplicate determinations: The rates were
corrected for differences in fluorescence intensity as a
function.of pH as shown in Fig. 4-20. The rates were normalized
o

such that the maximum rate was given a value of 1.00.

\

\

The relative reaction rate dependence on pH between
com;ound II or VI and fo;maldehyde was investigated and
; reported in a similar manner. Thus, initial rééZS were
corrected for the difference. in fluorescence of the chromo-
phores as a function of pH ana reported as normalized to a
; maximum of 1.00. The reaction conditions were to 1.0 nL of

3 M II or VI in methanol was added 1.0 mL of 0.25 M

4.4 x 10~

phosphate buffer (sodium salt in the pH range;of 2-%) and

after mixing, and incubation for 5 mig at 25°p, 1.0 mL of
" 6.0x102m formaldehyéé in methanol was added. Methanol
; -~ was used as the solvent’to decrease theé hydrolysis of the
iminodiones (94). N

The investigation of reaction 10 was carried out by

pre-incubating (either 5 or 30 min)‘a mixtufe of 0.1 M

2,4—pentanedionel(l mL in methanol) and molar ammonium
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Abs.

o

2 4 6 8 10 12
- pH '

Tigure 4-20. Absosbance of IV (4 ,410 nn) and IX {0,315 nm) and

ol

fluorescence intensity of IV (e, 410,510 nm) and IX (a, 395,460 nm)

as a function of pH.
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. the Nash reagent except that the reagent concentrations were
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acetate (2 mL at pH 5.5) at 22°C and then adding to this 1 mL

of 1.26 x 10~2 M formaldehyde. Samples were introduced

directly from the reaction mixture iAtd the chromatographic
system at the times indicated in Fig. 4-21.
Investigation of the reagent of Sawicki and Carnes

was carried out under ‘conditions similar to that used for

slightly changed and involved 1 mL of .1 M formaldehyde,

1 mL of 2.0 M ammonium acetate, pH 5.5, and 1 mL of 1.0 M

‘dimedone in methanol. Pre-incubation was carried out for
5 min and after addition of formaldehyde a white precipitate
(compound VIII) formed and dissolved during the cour;e of
the investigation.

The conversicn of VI to IX was studied using 25 uI

3 1

of 1.0 x 10°° M VI in methanol added to 1l mL of 1.24 x 10~ M

formaldehyde and 1 mL of a 0.5 M phosphate buffer, pH 2.25.

The mixture was incubated at 22°C and assayed after 1 h.

5
1 -
LL

4.3.3.2 Results and discussion

* , One of the maih 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

emission spectra of the two compounds are fairly similar

(Fig. 4-23) the response of the fluorometer can be assumed to

@
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be approximately the same for both compouﬁds and tﬁe
difference in quantum efficiency is stch that IX is seventy
times more fluorescent than compound IV.

The study on pB versus reaction rate gave the
results presented in Fig. 4~24 for the reactions of II or III
with formaldehyde. Figs. 4~25 and 4-26, are gg;ults for the
Nash or Sawigkg}fspgéff?fngggctive1y, over the pH range
5.0-8.0. .Also, hydrolysis data for compound II has been
taken from a éiudy on the subject (94), normalized so that -
the maximum reported rate was given the value 1.00, and
plotted along with the reaction data in Fig. 4-25.
Unfortunately, no hydrolysis data for compound VI have been
reported; however, inspection of the results of the sourte of
the data on II (94) indicates that the hydrolysis of VI should
be similar to II.

The chromatographic retention data are reported in
k' units in Table 4-7. IA typical chromatogram of the Nash
reagent constituents is shown in Fig. 4-27 as an aid to .
those interested in determining formaldehyde in complex
reaction or environmental éamples. Due to thg complexity of

thé 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,

usiﬁg silica glass backed plates) enabled direct extrapolation

to the h.p.l.c. system; a representative chromatogram is




gy,

. Table 4-7:

Chromatographic retention data for the intermediates

‘and products of the Nash and Sawicki reagents.

Compound

I1
III

Iv

VI
VII
VIII

IX

f
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‘ Figure 4-2%. Initial reaction rate of the reaction of II
{¢) or Vi (0) with formaldehyde as a function of pi,
Msylts are off-sst for clarity.

P

<t

-h
1

.

rel. Rate

1 *
Figure 4-25, Initial reaction rate (M) and rate of hydrolysis

(D) for the Nash reagent and compound II, respectively,
Hydrolysis data was taken from refer, 1%,
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Figure 4-11. h.p.l.c¢. normal-phase separation of
the intermsdiates (Figure 4-13) of tha Nash resagent.
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rigure 4-14. | Msorption
VII te), VIII (A) and IX (&) where h.p.l.c.
(with 13 acet acid

1
ie
(with X% u—c-:hm

and is relats

R T

on silica t.i.c. retention dats for V (e}, VI (o),
mobile phase was acidified

tA}), left with no polar modifier (N} or made basic

roxida (B)).
by k' = ll—ltll‘).

l! refers to the

retention of soluts band

397nm
=

rigure 4-1. h.p.l.c. (normal phase) separation
of the intermediates and products of ‘the Sawicki and
Carnes reagent. ' The numerals refer to those in
Pigure 4-1%. (1) is where sample was injected.
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shown in Fig. 4-29. Nete that dual wavelength deeection was
used because VII and IX were not fully resolved.

' The h.p.l.c. assay system,indiceﬁed that in the
Nash method the formation of II”obcureed in situ. Thus, as
can be seen from Fig. 4-21 compound II was already present
at time t = 0 due to the 5 min pre?incubation of 2,4-pentane-
dione with ammonium acetate. Upon]addition of formaldehyde
there was a decrease in the{conceqpration of .II and the
appearance and increase in the coecentration of IV to a

<]
steady state. This confirms the preliminary thin-layer

chromatography studies. Fig. 4-24 shous a duplicate experiment
in which the 2,4-pentanedione was pre-incubated with ammonium
acetate for 30 min. ‘Greater-concentrations of II and a
faster rate of formetion of IV were noted. Tﬂe results for:
the Sawicki reagent study indicated that compound VIII was
formed immediately upon addition of f%rmaldehyde to;the
Sawicki reagent and then with further incubation the ey
acridinedione chromophore (IX) formed., No other reaction -
intermediates. were detected. Upon condensationewi;h
formaldehyde, compound VI formed the bis-iminodione (VII)q

and tHen the f1na1 product IX was detected.

One of the 1nterest1ng aspects of the two reagents

‘ studled was £he recommendatlon given in the literature for

°

their preparatlon and storage. A general discussion of this

and the results given in'the previous sections is now possible.

Q. _ e e i - . — -
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" interestingly described with respect to preparation.

approx1mate1y 18 nm higher in wavelength
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“In Nash's original communication (53) he describes
the shift of the "first ultraviolet absorptioe band"” which
stablllzed 24 h after the reagent was made at a position
. This bathochromic‘
shift of the .ammonium acetate shoulder ‘can be attrlbuted tS

= 271.7 nm,

log a = 3. 43), Nash shows further that the reaction rate for

the coudensatlon reactlon (he assumed first-order conditions),
£

when measured for a l-day-old reagent, gave during the course

‘0f the reectioh’two distinctive rate constants. The initial

‘rate was very fast relative to the second and the inflection -

£
1

point between the two rates was, with respect to the degree
’ a

of reaction, the same at temperatures 5° and 37°C. This

was the f{r§t~and last detailed study of- the reagent but the

[}

ﬁébessary data to predict that'the iminodione was the active.
reagent in the Nash reagent were shown in~ this cont;ibutlon._
The ﬁormatlcn of" the imlnodﬁone explalns the many different
recommendations glven in the llterature for the preparation
and,sto;age ?f thegreagentu The slow but progressive

formation of the iminodione during the course.of an experiment

n

must certainly have given non-reproducible -results.

s ' , . ! . )
B . ; 4
The reagent oflSawicki and Carnes {(64) was also

When

cyclohexanedione was used as the l,3vdiketpne, Sawicki and \

Carnes recommended allowing the reagent to stand overﬁight




 faome . L

e
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~after preparation. This advice is very diffiault to

two compounds was found to be almost identical throughout
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before using. - The reagent, when prepared(wiﬁh dimedone was,
on the other hand, reported to be stable for’only six hours

i
rationalize when one considers that the chemistry of these

this study. The main differences were that cyclohexanedione
was found to be relatively heat sensitive (and is supplied
as stabiiized with 3% NaqlY recrystallized from toluene )
and stored at -20%C in these studies) while dimedone was
found to be stable ta hgating up to 80°C. Spectroscopic

studies and molecular models of dimedone (95) and é§clo-
hexanedione indicated that some steric effects of the 5-methyl
groups of dimedone -decrease its reactivity. This was found -

to be the cage in that when preparing the iminodione of

dimedone the reaction was run at 80°C for up to 16 h while

o

for cyclohexanedione the conditions were milder (22°C) and
the reaction was completed in approximately 12 h. No
explanation can be given for the recommendations given by

Sawicki and_ Carnes.

&
L

The reagént of Sawicki and Carnes is vexy similar
to ghe Nash reagent but because of the slower reaction. of
ammonia with dimedone relative to 2,4—§entanedione,e£he 4
reaction of the former reagent with formaldehyde proceeds(

through the bis-methylene derivative VIII and thus through

1

-
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reactions 8 and 9. Since the reagent involving/cyclohexane-
dioffe 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 cycloﬁexanedione

&

(i.e. reactions 5-7). The actual pathways that are followed
iﬁ the Sawicki and Carnes reagent depend on the histofy of
the reagent.

No conditions were found for making a reagent based
on the cyclic iminodiones  and this was attr{bﬁted to a v&riety
of reasons. The pH progile for the rekction of the Sawicﬁi
reagent with formaldehyde; (Fig. 4-17) was found to coincide
with the general stabiligg of t%e iminodiones ieported in
the literature {94). To further complicate the situation,

the intermediate VII was found to be stable and easily

N

_isolated. Thus while much data could be gathered for reactions

involving the cyclic iminodiones with high‘concentrations

of formaldehyde, low Eoncentrations of formaldehyde and the .
resulting slower condensation rates gave no measurable
product IX.

The advantages of using a reagent consisting of the

-
-

iminodione rather than the original 1, 3-diketone~ammenium
acetate mixture are: .

1) the iminodiones can be isolated and pﬁrified to
give a reagent with very low background thus greater |

~

senéi;ivity,
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2) the reaction between reagent and formaldehyde can

’

be run at the pH most suited for rapid reag¢tion (low pH) and
thus greater reaction rates and decreased anaiysis time are
seen, and ¢ o ’

] : ;

3) eliminating ammonium acetate from the Teagent aiﬁs
in the mixiib of the reagent with a moving stream in a
continuousaflow reactor. ‘

The iminodione of the Nagh reagent was shown to be
_formed in situ under the conditions of itg use and was
investigated in more detail.. By using the iminodione at the
pPH whe;e the fastest reaction occurs with fgrmaldehyde, (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 a;ﬂinvgrse rélationship with the maximum

-

of the réaction profile for the Nash reagent; The ‘reason

for this is evident from the é;;a on the reaction of imino-
dione II with formaldehyde. It is reasonable to assume that

by virtue of thé fact that a reagent based on the iminodione

IT was devéloped that could be used at pH 2.3, the rate of
‘hydrolys;slof the iminodiong is slow relative‘go the reggtioﬁ'~
of the iminodione witﬁ formalde@yde. This hydrolysis of II,
howgver, 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 the reagent.

-
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v

.
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.

Characterization of Fluoral-P as a Reagent for

Aldehydes and Specifically Formaldehyde

)

Introduction’

S

4-Amino~3-penten-2-one, which we shall call Fluoral-P.

in the reagent form, has been utilized previously as a

synthetic intermediate (96,97), -a complexing agent for metals

(98) , and a model compound for investigating imine-enamine

Here it is investigated for use as an

I

equilibrium (99).

aldehyde reagent. ,

-7 rae

4.3.4.1 Experimental

13

The Fluoral-P reagent was made by dissolving 1.8 g
of 4-amino-3-penten-2-one (sublimated) in 100 mL of aceto-

nitrile to give a 0.18 M Fluoral-P reagent. .This solution

'

.was stored refrigerated in gn amber bottle.

. The reagent was characterized gsfch;omophore-producgng "o
by studying (i) its long~term stgb%l;tyf'(ii) its generdl .

reactivity and sd¥ectivity, and (iii} its absorbance and
fluorescence response to a range of formaidehg@e'congéntrations.
Stability studies on Fluoral-p solgtiahs'were \ B

o
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conducted "in three ways. 1Initial reaction rates were measured
for different ages of Fluora;-P solutions in a manner
identical ;q the pH stﬁaiesﬂ The reagent was analyzed
directly using gas chromatograﬁhy (OV—lof, 100-200°C, 15°C

min_l, FID) when made up in distilled water, 0.1 M phosphate

PN

buffer (pH 2.25), and acetonitrile. The background fluorescence
and absorbance were noted for different batches of reagent
made up in different solvents.

a

The reactivity of Fluoral-P to various compounds

was determined in a series of test tube experiments. To one

-

drop of the compound under study, one drop of Fluoral-P
reagent, one drop of 0.5 ﬁ phosphate buffer (pH 2.25) andua
sﬁall amoﬁnt of acetone (to aid miscibility) was. added. :
Qualitative evaluation of reactiviéy was based on either a

ﬁ positive or negative response. Positive responses were

i subdivided into instantaneous reagtién at room temperature
(fast), reaction in less than 1 min (moderate) and those which
t took longer tﬁan 1 min to react (slow). In all cases the .
: Fluoral-P derivatives were yelloQ in celor and gave crystalline
products. ’

&

The linear dynamic range of the reaction between

Pluoral-P and formaldehyde was determined by meaéuring the
fluorescence and absorbance of the reaction mixture as a
function of formaldehyde concentration. This was accomplished

' . by reacting 1.0 mL of the appropriate aqueous~formaldeh§de

ABTRD by Shba v g [ e % e 4 g P [ U UL
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standard (Appendix 4B) with 2.0 mL of 0.125 M phosphate buffer
(pH 4.0) and 100 ufjwof Fluoral-P reagent in acetonitrile.
Fluorescence and absorbance measurements were made between 5
and 30 min of mixing of soluti;'m; however, the lutidine
product was stable in solution for many hours.

The lower limit of detection of tliis/ reagent was
investigated using a continuous-~flow system based on the
cqncepts of flow-injection énalysis {19). The hardware used
in the analysis“system involved two Waters 6000A solvent
delivery systemé {(Waters Associates, Waltham, Mass.) and a
Waters U6K sample injector. Tlu'xe‘reactor was constructed of
1/16" stainless steel 316 tubing with I.D. measured as 1.0 mm.
Reagents from the two pumps were mixed in a 1/16" tee connector
(Swagelokr) just prior Fo the injector. Sample volumes of
25 uL were added to the analyzer stream. Thé Spectroflow .
monitor SF 770 (set at 410 nm, 0.:4 AUFSD) and FS970 L.C.
Fluorimeter ‘(e;xcitatiorf 410 nm, emission 470+550 cut-of £
filters) were connected in series to the exit of the.redctor -
delay tubing. .T‘he E&uoral—? reagent was a&ded th-.roug%a one
pump with 0,125 M phosphoric acid through the other, The
rea‘ctor was run at room temperature, 20°C, Both pumps wexre
operated at 0.5 mL/minute: total delay time to the fluori-
meter was 70 sec. )

Sincelthe 1OWe1.: concentration range of formaldehyde

was of interest, formaldehyde concentrations between 1.0 x 10—3

g

o
i
L
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and 1.0 x 107> M were used. Absolute amou<1ts of formaldehyde

8

N injected corresponded to 2.5 x 10 - to 1.25\%: 1072 moles.

TP e e
el e
s

One application of this analysis sys}:em was to
investigate formaldehyde concentrations in the s:‘o'lvents and
water used during the course of these studies. This was done
by injecting 25 ul of Ehe solvent of interest taken from
Njfour separate containers., These results are reported as an

A

_application of the reagent in automated analysis.

'

—_— ) 4.3.4.2 Results and ddiscussion

The discussion presented here will be directed toward

N\

R

the use of this reagent in an automated chemical reactor.

G,
%
-y

pH Dependéncy

One- of the more interesting and important aspécts of

" 4Pthis reagent is the pH dependency of its reaction with

S S L R

formaldehyde. In Fig. 4-24 was shown the relative reaction -
y 9 N [
rate for the production of the lutidine product as a function

of pH. This pH dependéhcy must be described as sharp. . ‘

R bt i o

Optimum reaction conditions for uéing this reagent in
"continuous flow analysiz would try to favor a fast reaction
between Fluoral-P and formaldehyde. Thus ‘the reagent must be
used .in the pH range of 2.0 to 2.5. Also, because of , .
hydrolysis of 4—amino-3—pepten-2—dne, a continuous f}ow

system which utilizesﬁi‘:‘he Fluoral-P reagent myst contain at

3,
N E »
- - B -

O
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least two channels, one for the reagent and the other for

~ ¢
acidic buffer.

X

Stability of Fluoral-P : : Y o

' t

The hydrolysis of enm_4noae§ in ac1dlc media has
been described elsewhere (94), When Fluoral-P reagent was
= . made up in aqueous pH 2.25, 0.1 M-phosphate buffer, no color

. . 'developmen£ was found -after 1 h. élQSer exaﬁination with
“gas chromatography showed that 4- am1no—3—penten—2-one was

[
) hydrolyzed to 2 4—pentaned§one w1th1n 15 min, was stable in

neutral aqueous solution for at least 1 h, and, based on

-

o .fluorescence and absorbance measurements, was stable for
at least one month in acetonitrile. ft is concluded that

acetonitrile is the solvent of thoicé for preparing this

i

e reagent.

i

¢ N Reactivity and selectivity of Fluoral-P ‘ .

i . The general reactivity of Fluoral-P was evaluated ag
1
described in the Experimental Section. ' All reactions which

were positive gave a yellow product. Théxresults are given -

i
vy

in ;ablé 4-8. .
'u@ Anp;g all the compoﬁ ds tested, the reagént condenggg
fastest with formaldehyde, %t should be notehgthat only -the
product from the formaldehyde reaction is expec£ed:to give
appreciable fluoreépén;e (63) . us, while the reagent
éeactg generally with aldehygeg, s¢m§ ;électivity for

< “~ Ay v
formaldehyde is possible by using.f?uorescence rather than
‘ . ~ '

. > !
.
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| f/ (.
; f{\ ) Table' 4-8: Results of spot tests ngeen Fluoral—P and some
5 ?*\\;.;. common chemicals. N
. . o N
* Compounds, which rr—iaCt fast Compounds which do not react ‘
, Formaldehyde ’ “ Ethyl methyl ketone l
‘ . _Acetaldehyde = - Z;cetic anhydride
Propanol Ethyl acetaté 4
Pentanal Ethylene glycol
3-Methylbutanal N,N-Dimethylaniline °
Hexanal o-Nitrotoluene
, Octanal 1,1,1-Trichloroethane 1
Nonanal h ‘ Formic acid ) )
Decanal ! 2,4-Pentariedione ’
“ b Hendecanal ‘N ,Q—Dimethyvlacetamide \
. ' \ Dodecanal Triethylamine
- Tridecanal . . - Acetone . '
J ’ Tetradecanal Phenyl isocyanate
fi Benzaldehyde ‘ \
s "/‘ | \
oot
N Moderate .
!Y - Anisaldehyde ' ..
. Cinnamaldehyde ~ . o
“Plgenylp}opionaldelayde .
Hydrocinnamic aldehyde’ o
¢ o , v AN
Slov
éminaldehgde -
Isobutyraldehyde
; - .
‘ o
P w
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| absorbance as a means of detection .in an automated system.
#
. Linearity and analytically useful range of Fluoral-P

’

for reaction with formaldehyde

This aspect of Fluoral-P was expected to be very
similar to that for the Nash reagent except in the lower
concentration region where Fluoral-P, due to loﬁeg background,

was expected to be a more sensitive reagent. The absorbance

—_ AN

¢ (410 nm) and fluorescence (excitation 410 nm, emission 510 nm)'

versus concentration of formaldehyde plots were linear over

thegrange of 107> to 107°

2

M (absorbance:' y = 3.15 (* 0.360)

1

x + 0.541 (¥ 0.176 x 10 ~); fluorescence: y = 9.33

3

x 10
(£ 0.547) x 103 x + 0.281 (* 1.18). Slopes and intercepts
are given i'S.D.). Depending on the method of sample pre:
; . treatment and handling employed, determinations can thus
be made in terms of absolute amounts of formaldehyde in the
T nanomolar range. This is shown to be the case in the next

section.

Lower limit of detection for formaldehyde with Fluoral-pP

The lower limit of detectioh for formaldehyde, using
the ﬁlow—iﬁjection analysis system}‘gave the data shownJinl
Fig. 4-30. The difference in the two spectrophotometric
parameters monitbred,“absorbance and fluorescence, can be
more fully appreciated by examining the signal-to-noise

ratio (SNR) against the amoung of formaldehyde injected

S R4, S ER R ey

(Fig. 4-~30). The signal is taken as the mean peak height from

0 | -

Pl
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. contamination. Other implroveme'pts', can ‘be made on‘the entire" - .
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at least four injections into the analyzer while noise is

¥

The
L

. . s . . . « s
* correlation coefficient assuming a linear relationship-is

taken as the standard deviation about the mean.

-0.497 for absorbance and 0.74 for fluorescence. Using :

-absorbance detection, the concentration range over which this

A BN

experiment was conducted is seen to ;ival the detection limit -

. . 0!
of the analyzer. Thus in this concentration range the system

L

.is baseline noise limited. On the other hand fiuofesoence

detection shows ‘some correlation between SNR and signal and

- ¥

-

much éreater SNR values than .for absorbance. Fluorescence

detection is not limited by Baseline noise above about 3 ng
. of injected formaldehyde.” This is reflected by the fact that

the relative ‘standard deviation of fluorescence measurements

)

above 3,ng is on thes average- 0.88% while below this leével it

averages "3.83%. While this is a limited noise analysis study‘
: oY . ‘

and is certainly system dependent, formaldehyde levels in the

low nanomol per injection range can be measured using

-

F];uoralr-P and the flow ipjection system emplgyéd here. -
This detection limit can be.improved since the

system is baseline noise limited and ‘thus limited by the ; ‘e
S

background fluoreséence of "the entire analysis system. For

=

instance, measurements of the amount of formaldehyde in sélvents
commonly used in this laboratory arjg gsummarized in Table 4-9."

These data show relative]ry»hi‘gh levels of: formaldehyde
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Table 4-9:

®

)
H,0

_Acetonitrile
2-Propanol

&
Methanol

Acetone ¢

v

'

hadl

Formaldehyde cohtent of some solvents used in

this laboratory

v

nmole Formaldehyde
per 25 uL injection¥ -

i\

9.6
6.1
‘8.3
25.4

7.7

'

* 1.4

+ 0.2

L

. 1.8

4.1

u

-H

.

* ,
Mean % s.D. for fpur determinations.

Formaldf

(x10
3.8 ¢
2.4 %
3.3 %

10.2 -

31

M)

0.56

hyde .
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aﬁalyéer system which was made from available hardware and was
not optimized for this afplicatidn.

. ) \
‘4.3.5 The Chemistry of the Post-Column Reactor, Stage II .
- and 11T - -

*

-

Periodate oxidation of organic compounds is normally

"~ considered a selective process involving 1,2-diols. General

—

reviews'on the use of pericdate (100-104) indicate that
direct analytical usage is limited to a few cases (105,106)"
and the reagent is mainly used for' synthetic work or structural

confirmation.

Periodate is used here for selective oxidation of

glycerol and l—glycerolypﬁ6§§ﬁgggt/iﬁhe oxidation of glycerol -

N v

is well known ??f/ffiééz&gn'Of l-glycerol phosphate over tbe _
2-positional isomer was one of the earliest uses of periodate
fé; étructural confirmation (107). Periodate oxidation is

not limited to these itwo compounds or diols in general. The
lack of speq}fdcity of the reagent was invqstigated by

Fleury and Boisson (108-110) and Sprinson and Chargoff (l111).
Specificity for l,z—diolg'is lost above 50°C and is greatest
at 10°C. ;

i Non—sé%ective oxidation with peéiodate is also seen

with dimedone, 1,3-cyclohexanedione (112) and to a leSser

rs

extent 2,4-pentanedione (113). Furthermore, okidation of

L]
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~

-l- A H" \ e
lutidine has necessitated use of sodium arsenite or rhamnose

~

AT ~eectrionmtsgresiic wome oA TGOS UTEToALY

to eliminate exeess periodaté in the manual and automated

&

methodsnﬁ\sing the Nash reagent (48,50,114,115). The phosphate

; ‘ . catalyzed over-oxidation of sugars is not seen for glycerol

-

phosphate (116,117).

a

% : ' The structural features (118) and conditions for
| perioda;:e Gse indicate oxidation occurs over the pH range
ok . ' 1-11 (4-5 optimum) ip agueous, methanolic, ethanolic and acetic
acid so?Lutiox\xs (119,120). °

The ~oxidatiox(17 stage of the reactor (stage II)

traditionally utilizes periodate as the oxkdizing agent. The

~ wide variation in conditions has necessitated some experimental

RS

work on the role of this reagent in the reaction sequencé.

I

Particular attention was dedicated to the oxidation of

v
E

lutidine by the excess periodate and alternative reactor ‘

configuration and conditions was investigated.

.The methods of saponification and transesterification

yoef s ron sty

are widely used today for the determination of hydrolyzable -
lipids in conjunction with gas chromatography. Some recent

and comélete reviews on esterification procedures for fatty

acids (121), for gas chromatographic analysis (122), and
“h

- xa'ponification-transesterification (121) indicate that the -
. ~ “
N transesterification procedure is faster than the saponification

N r i
for deacylating acylglycerides (124). In anhydrous sodium

v
»

methoxide solution glycerides, phospholipids,} and wax esters

B T TN N ¢ L
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experimental parameters encountered in chromatography. The

were hydrolyzed in less than 20 sec (121). L

Catalysis of transeésterification has been

accomplished," for example, by borontrifluoride (125).

To remove the orthophosphate from the l-phosphoglycerol

pértion of a phospholipid requires acid thermolytic cleavage
(255°C,” 10 min ‘(c.f. 121, 126-129)) aﬁd basé hydrolysis is .
ineffective (130). Saponification does not remove thg fatty
acid from the amide of sphingolipids nor long-chain aldehydes
from piasmalogens (131), the 1atter'being\acid labile (132).
Deacylation is thus a complex process and whether acid of
base catalysis is used depénds on the application. Acid
hydrolysis would be preferred here since the mobile phases‘
used for phospholipid elution are usuallyﬁacid and the step
after hydrolysis involves periodate oxidation in acidic medium.
Thus it was investigated along with saponification and linked
to periodate oxidation. Since periodate can oxidize J
l-phosphoglycerol, the less ambitious deacylation, and not
dephosphorylation, was of interest when investigating phospho-*
lipids. o
The equation of Snyder (section 4.2.1.2) predicts
the dispersion in the c.f.a. system is a function of the

y
effects of temperatufe on dispersion were not included
directly into the equation but viscosity, surface tension,

and Dw o5 are all éemperature dependent physiochemical
’
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of the pe;iodate reagept. Phosphoric acid was originally

-4.3.5.1 Expérimenta; . ’
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% . .
properties. - Consequently, besides increases in reaction rate,

ingreaseé in temperature‘shohld affect dispersion of the
sample bolus. The relation of temperature to dispersion was
thus investigated.

Consideration of pH effects on reaction rate

of Stage I was the determining factor setting the pH

A e ™

POWS Y

used to adjust reagent pH but due to precipitation of phosphate

salts in the'acetonitrile mobile phase, perchioric acid was

substituted. The effect of changing’perchloric acid

T o e, KA Nt T Vo St

concentration on the detector response was investigated.
. he f

P

,
\

oy W

[ 3
k
«

Periodate oxidation, stage II . ;

The oxidation of lutidine by periodate was\investigated
by observing the lutidine equilibrium concentrétiongduring
the determination of a sample of phospholipid, triglyceride

~ . v —
and formaldehyde. Thus, 1.0 x 10 3

M of L-3-phosphatidyl-
choline distearyl in isopropanol, 5.0 x 10?3 M tristearyl in
isop;opanol:and 1.0 x 10'_3 M agqueous formal@ehyde standard,
along with water and isopropanol blanks;'WEfefused in the
following reaction sequences: o

i) 0.5 mL standard or blank ;;s inéubated for 5 min

at 60°C following the addition of 0.20 mL of 0.5 W KOH in H,0.

P £

1
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%i) to this was added 0.5 mL of 0.0125 M NaIO, and
0.5 mL Fluoral-P -reagent (0.18 M Ziamino-3—penteﬁiz-one in
aéetonitrile) and the reaction (at 60°C) was monitored using
absorbance spectroscopy‘(41b nm). This seqﬁence was repeated
three times.

13

A major concern was the reliability of taking the

maximum of the concentration of lut¥dine as a value which

. B
'flow rates: a) H20 (0.5 mL/min); b) 0.5 N KOH in H

reflects formaldehyde concentration.

)

Wo see if this approach
® Q-
was experimentally sound various concentrations of l-glycerol

phosphate (1.4-2.9 x 10_4 M) were first incubated at 60°C
for’S min and then oxidized wIEh'periodate for 10 min and
allowed to react with Fluoral-P rggéént. C?lbr'dnglopment
was ﬁonitored (at A410) and absorbancé versus phosphoglycerol
concentration (measured at 2 ,min) were reported.

Another experiment was designed to investigate the
effect of periodate concenfraﬁion on the o;idation of
chromophore independent of the formation of the chromophore.
This was investigated using a flow ana}ysis‘system'identical :

to the system eventually used as the p.c.r. deiector.

Conditions in the reactor were such that the only variable

I @

. w
was the concentration of periodate. Thehexperimental system

consisted of:

-

1) Combining the following reagents at the respective

50 (0.23 mL/

min); c¢) 0.0125 to 0.10 M NaIO, in 0.125 M phosphoric acid

“
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C e

' (0.42 mL/min) . .

A -

i1) Adding through the final reactor stage 5.8 x 10 0 M

lutidine in methanol at a rate of 0.42 mL/min.‘\ ,
The final stage had a volume of 0.994 mlL which

corresponded to a delay time of 38 sec.

. The reactor manifold was heated to 60°C and the

SRR s
3

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 above, a 10 nL

3 M formaldehyde was injected. The change

6

sa;mple of 5 x 10~
to the above system was that the 5.6 x 10 ° M lutidine in
methanol was réplaéed by Fluoral-P reagent. The temperature
'J':ange investigated was 22-60°C. :

In a study using the same system as with the
temperatu:.:e study, 9.87 x l()"‘1 M pho"sphatidylcholine
dipalmitoyl in isopropgnol replaced H,0 and was pumped
continuously into the c.f.a. (maintained at 60°C) and 0.2 M

NaIO, made up in different concentrations of perchloric acid

3

~

(0.1-1.0 M) was used for oxidation. The other reagents

s

“ consisted Pf 0.5 M KOH and 0.16 M Fluoral-P. The steady-state

/

response heights (i.e. b;gkground increases) versus /

concentration of perchloric acid in the periodate reagent

“t

were measured. @@:

il
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(., _ Deacylation stage III ]'“ .
‘f The following samples: ' ‘ )
% | i) 1,3-phosphatidylcholine dilinolenoyl (6.4 x 1073 M)
ii) Trilinolenin (6.89 x‘.llo-';3 M) and standards
‘ iii) Methyl lir;olenate (7.93 x 10.-3 M)x \ _
iv) Linolenic ac;id (8.48 x ;Q_B M) K

were first separated using an h.p.l.c.\method involving an .,

Altex C-18, 10 um-column (Chapter 2) .and a step gradient from
9

85 methanol/15 HZO/O.l conc. H3PO4 v/v/v switched tj 100%;.."*

systenm

i

methanol 3 min after injection. Tge chromatographi

was described in Chapter 2. . : ‘
4 ‘ i R J
The hydrolysis systems and conditions are shown in

[

) . Table 4-10 and were investigated at 60°C using a Pierce

™

Reacti~Therm Heating module (Pier?e Cpemical Co., Rockford,

v

I11l., 61105) as the incubating system.

Results and discussion

. 4.3.51

The separation and detection of the lipid standa:r;ds
used in the deacylation study is shown in Figq. 4-—35.ﬂ Thé
" results of the investigation are shown in‘Table 4-11 whe:L:e
the mean of duplicate runs for each hydrolysis system is \giv'en.

14

This work indicates that acid hydrolysis is too slow
| ) : ]
under the conditions employed to be of use in the p.c.r.

' The thermal conditions normallys used with acid hydrolysis
. ¥ B

! q . .
‘ cannot be duplicated in a p.c.r:«slf;‘g:Base hydrolysis at 60°C

NS & LA
- i
is complete within 10 min and is ?the best method.

3
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Table 4-10: Summary of the experlmental conditions used to
., investigate deacylation of{: Ytriglyceric}es and )
p‘hosphoiipids. ‘ ' [I
“} | F
\ I f&II IIT . IV** '
50 . uL* )' ﬂ 1o b 20 4L
76 P 'NaOH  H3PO;r  HpSO4 | H,0 . H0  MeOH
‘ NaIly <

X X - X X

x X , ' X X

% } ﬂfv“””fx-‘”' X X

E x X X x\

x X “ X . X

X X X X

X L ! X x x
. b ' x X X \

25 pL aliquots were taken at 10,

25 L cold methyl acetate and stored at 0°C.

‘mixture into the HPLC.

a

20 and 30 m:.n quenched with
Analysis was

carried out immediately by injecting 10 uls of quinched reaction

\

The 50 uL of CHCl3 in which the sample was dissolved was
evaporated and replaced with 50 ulL of methanol before reaction.

This was easily accomplished because the reaction vials were
initially pre-heated to 60°C.

I. 0.5 N NaOH in 50% MeOH.
II. 0.5 N H3PO4 and 0.4 M NaIO4 in Hzo
gn 50% MeOH,

* %

III. 0.5 N H;S04
Iv. Dlstllleﬂ Hz

¢

%.

A}
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Tablé 4-11: Summary of the results of the experimental systems

in Table 4-10.

G R s e g o ¢

i T ' .
By . Conditions ‘- 10 min . 20 min . 30 min
S . - - v e .
, § . ‘ l FA FAME TG | FA FAME TG | FA FAME TG
{ % ‘ . . e . , L
i a%; ‘ NaOH (I)* 1) 20.7 1.9 - 19.7 1.1 - 19.2 0.4 - =
V BPo, (n [ ¥ - - L9 - - ST - - g
Tk w. Hy80, (111) | 5) - - 13.2) .1 .1 185 { .4 .2 14.5
¢ '“"\(;ontro,l aw) | » - - 14.8 - - 1.9 - = 15.7 f
v ) « R . . ) o
¥‘ i
PC rC : BC ,,
. , NaOH (I) .| 2 156 - - |17.2 - - |62 - - ;
CHyP0, (ID) 9 - - 38| - - 37| - - L4 {
N\ )
.. . H,50, (III) 6) .08 ,- 2.6| 1.3 -~ 2.7 4 - 1.7
Control (Iv) | 8 - - 45| - - 50l - - 1a :
. * . . b i
1 J
' |
£ I * ’ '
See Table 4-10 for details. Values are given as measured ‘ 3
; peak heights and are thus in relative units. _The use of - ;
standard curves was.deemed unnecessary because these results \'A
are interpretable without exact quantitation. E
sj; . " °
-’ \'
£ - '
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rigure 4-32. Production and destruction of lutidine darived
from formaldehyde (1), tristearyl (2) and PC distearyl (3).
K Isopropancl {4) and water (5) were also used as blanks.
e R ! ’
@ o -
-»

1 -2
: "~ [PG]x1c*

Pigure 4-33, Absorbance {(4l0nm) at 2 min. vexsus initial
phosphoglycexol concentration. 3
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Figure 4-34. Mlative decrease in . y
4-34. backgro
sodium periodats concentration. Detaj.lz N\-::.;tg?!aina:‘;tfu?cti ;:n of

absorbance and ( A ) fluorescence signal,

—

Figure 4-35. Soma typical test runa on the uveuad-;)hnu

* h.p.l.c. separation and detection of fatty acid (1),
fatty acid methyl ester (2), phospholipid (3) and triglyceride

(4) as described in the text. B refers to whare sclvent is
changed over in the Waters 6G00A pump. Conditions were 60°C
colum temparature, 2 mL/min solvent flow rate, detection at
200 nm-with-the Schea ffel $P770.
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Transesterification, which requires anhydrous conditions,

L4t
v

. i *
is not possible in the p.c.r. systeﬁn being developed. The
. # . . b .

.

hydrolysis reagent used for the p.c.r. was 0.5 N KOH made up
in dis:;illed water and 'stored in a polypropyllene bOjt::le.

- For the periodate ox‘idation studies, representative
reaction profiles are shown in Fig. 4=32 where .it is seen

that a maximum absorbance occurs within 5 min and then a

¢ decrease in absorbance to a very low level occufs.

~

—

- . The absorbance measured (y), versus phosphoglycerol ~
concentration (X) correlated, linearly Wwith y = §.09 (r .60) x

1073

X - 1.23°¥ 1.01 (y = X ¥ 8.D. * y-iter % §.D.) and
correlation cogfficient of = 0.990./ Data is presented in
Fig. 4-33. '
t ’ : The effects of varying periodate éonbent;;ation are
shown in f‘igl. 4-34 as the relative change in the backgro:und
fluorescehce or absorbance vers‘us the initial signal (when
no peribdate is present) taken as 1.0. The difference in
the two profiles can be accounted for by the 8-sec d'elay'i :
time (0.21 mL) between the abeorbance and fluorescence detector.
Significant amounts of lutidine were degrl:aded at periodate
concentrations greater 1':han 0.02 M and this was taken as
the highest acceptable periodate concentration for use in
the reactor. The reactor design was such that the periodate

%

\_ were separate and the periodate stage was optimized to give-

and chromophore developing stages (II and III, respectively)

/

o omett, vl 2 B

PN SR

8 el b ed 2 Bautc




0 P

greater than 95% reaction. The delay time of the chromophore

2 ! !
stage was then made to coincide with the maximum of the-

2
© o

chromophore profile (Fig. 4-32).

The use of arsenite in an additional stage of the

- . . / ' ° [
ks

- N 0

reactor was attémf)ted but' abandoned when it was found- that

<

the high. concentrations (greater than 1 M) required for
reaction Wwith perioﬁé}_{:; were not attainable in the mobile"
phase systems being iused (c.f. 61).. Sodium arsenite

precipitated from solution when high alcohol or acetonitrile

ot

o

N

concentrations were present.--— Lbench reaction u51ng Iha_nulu::?
J{?'?

for periodate scavenging gave : ;esults which indicated ,

JRSSNUREE JE —_ - — . N

periodate levels did not decrease osignﬂificantly. g

Fig. 4-36 shows the. experimentally detetmined

[

relationship between band width (W /2) and response as a
: function of temperature. As cah be seen for the c.f.a. unit

studied here, Wl/2 decreased while response increased with

o

temperature. Thus increasing temperature generally alded

o

in reducing band w1dth and a.ncrea51n3]response of’ the elut:l.ng-

sample. The temperature of 60°C was chosen since this was

also the temperature used for the chromatography. d

-

The results of the pH study are shown 1n Fig.° 4-37.

Percholoric- acid of 0. 3 M was used to prepare the periodate
L% o b '

reagent . o ;

e %

P With the minimization of backgroiind and noise in the

system and the choice of temperakture, pH and concentratlop of

4

v




. "2 () andH (O‘) to the reactor temperature T.
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20 40 60
T (¢)

rigure 4-3¢. Experimentally determined relationship of !

’,
b

~.

A 6
-~ ¢ _Roogd -

rigure 4-37. Affect.on nuo:nctnu background of varyin
eqnccntratiom of pexchlorie -ccm xn the periodnto Stage
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4.4 -+ OPTIMIZATION "OF THE POST~COLUMN REACTOR

-chromatographic detectors and residual gas analyzers, has

response gener\ated.,’ This methqgdl has not been used extensively

187

KOH, NaIO, and Fluoral-P, optjimization of the various reactor
stages was strai;ghtforward and involved application of the
Stop-Flow Analysis optimization scheme to be presented. . ' )

\

an e’

4.4.1 General Introduction \\

-

s

Diagnosing and optimizing the reaction §énditions ¢ -
used in the widely ‘applied methods of continuous;*'flow and
flow—inéection analysis was initially found to be-tedious.
Unfort1unate1y, information pertaining to the theoretical

(22,24,33,36,133) and practical (134,135) aspects of these

AT DR PN - SN TR NUN P

two methods was of little aid in alleviating this ‘problen.

"
t

A few systematic approaches have been taken to A
optimize flow-analysis systems. °"The exponential dilution

technique (136) popular in the characterization of gas

been applied to optimization in c.f.a. (137-140). , In this .
method a starting level of the reagents whose concentration

is to be optimized is either increased (from zero concentration)
or decreased ({from some upper starting concentrétion) by the

use of anbexponential dilution flaskA (example 141). The \ .-

6ptim1im ‘concentration of reagent for the system can be

calculated from the characteristics of the task and the :

- z
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(; , . ) .

because the compJ?_e\xity’ of the c.f.a. system dogs not gllow e

¢

/ T ) , . -
- . the system to be reduced to being a function”6f concentration

3

of one reagent. A more realistic approach to éﬁtiﬁization
¢

“

of these systems involved the use of the Simplex OptimizatiOn‘

method (142). This method, while simple td'uge,’was tedious

>

to execute. An alternative method for optimization of the
c.f.a. system was devised.

4.4.2 The Optimization Scheme Based on. Stop-Flow Analysié

A

“ , A new approach tq»c:flé. and f.i.a. optimizatiég o

was developed specifiéally“for this-wak. It was based on

§

the method of Stop~Flow Analféis (142,1435, stbﬁping:the flow
_ of a c.f.a. or f.i.av stream'énd'following the reaction
occurring in the detector ceil. This enables predictions
on the time rgquired for the last reaction in the analyzer
to go to completion. However, in most analyzers maﬁy
reaction stages are present ‘and what is Aeeded is a method
to evaluate the efficiency Bf all stages simu}taneously.
. To do this the stop-flow anélyéis method was extended. The

term "optimization" as used here refers to deve;pping a

‘reactor manifold which gives performance only achievable with

4

much greater, effort if using a random method.

fIn‘order‘ES/Ese Stop-Flow Analysis (s.f.a.) effectively,

it was.rationalized that all variables in the system should

.
N
-

\ - !

7
g o ~
N
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be réduc(ed to a point where reaction ;'delay times in the

’ maﬁifold delay coils were the only fn;aniff;ld variables needing
attention. This was accomplisixed by ;Eirst applying steps
1-4 below. These steps were coricerned with iimiting dispersion
and, dilution whkile increasing reaction rates foq: each

manifold stage. Stop-Flow An‘al%sis was then used to

determine the needs of the manifold with respect to delay

~

4

times as explained in step 5. The scheme for reducing -
variables was executed as £ollows: Step, ‘

1. Optimize reaction "tubn',.hg size and ‘l—aubble ‘r?te,
presented- in section 4-2. ' ‘ o .

2. Tentatively choose one or two p;:lmp tube sizes N
for use with all reagents. This aided in the stocking of |
N such an expendable item. The choice was not a;bitrgry but _
based on experj:eﬁce with the manual method and information
obtained from step 1. It ;vas kept in mind that sample
dilu;:ion characteriétics dictate that flow rates in the lower
ranges (< 0.5 L n{in'l) should be used.

' 3. Based on the manual method and with due

consideration to solubility, pH, etc., ch\oose the highest
reagent concentration that may be used. This was done to
increase reaction rates and minimize sample dilution by'

;alloviing lower\pumping rates. _
4, gonsidering the boiling points of the -solvents
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o

used, employ the highest temperature which can be tolerated.

This 'generally increased reaction rates, mixing and solubility

% 2

of the reagents while decreasing sample dispersion.:

5. Stop-Flow Analysis was used to deétermine the
exact reaction coil delay times necessary to simultaneously
achieve ﬁearly complete reactions (> 55%) in each manifold
stage. This was illustrated as follows. fﬁe manifold delay
coils were chosen to be of low voluméiédﬁpared to yhat would
be dictated by the manual method. A continuous stream of
the compound to be determined jtriglyceridé in this case)
was then fed into the manifold (as” opposed to.being injected
or sampled). With reference to Fig. 4-38 a baseline shift
was observed(CAo) corresponding'to the steady-state response
for the initial manifold design:~ At time t,nthe system flow
was halted. The observed rise iin detector response
corresponded to unreacted reactant in the final stage of ‘
the reactor. From this fééponse the delay time required to
yield 95% completion of the reaction in the final manifold -
stage was determined directly. Of greater interes;, however,
wés what occurred after flow was regumed (t60 ;'br%tgo s).

Plateaus (A;) appeared superimposed on the original baseline

shift. These plateaus corresponded to additiongl reaction

" products produced in each manifold stage during the stop time.

Thus, the Stop-Flow Analysis method effectively increased




“ - .
e ¢ . - - : \\
«

dyr
G
- 3 . °
% 4 .
i
18 .

l 191
. -
|
T ‘
‘ - ww am EE wm e e ¢ .
L .
JE \
[}
x

!
B—— S SED vman S Gmn W S S Gme R S em W w
L]

§

LEE P @Eas e

s

.

rl‘qu:‘c 4-38. Detector output (410 nm) after s.f.a. of 605 (A) and 1€0s (B). Al refexrs to
absorbance change upon introduction of‘triglyceride, t_ is when reactor flow ias~ interrupted,
Ad is additional absorbance due to delay, and the mme?aJ;s refer to each manifold stage.
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Figure 4-39. Schematic representation of the c.f{i. manifola
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the volume]g;\zhéfﬁ?lay coils by an amount equivalent to
the product of the stop time and the reagent fydw rate ﬁt
the stage of observat;\é. This was done 51multaneously for

all stages in the manifold and required no further manifold

manipulation. h
4.4.§.‘ Experimental

|

Apparatus *

A Technicon Pump III (Technicon Instrument Corp.,
Tarrytown, NY), Schoeffel Spectroflow Monitor SF 770

(Schoeffel Instrument Corp., Westwood, NJ) gnd Honeywell
Electronik 196 recorder were used. The c.f.a. manifold was

the all stainless steel construction described in section

4.2.

Operatlng conditions

W -

o

Trlbutylglycerate (Sigma Chemlcal Co., S8t. Louis,
Mo.) was used in the c.f.a. system schematically represented
in Fig. 4-39. Details are given in Table 4-12.

Reagents .

All reagents used are present in Table 4-12, The

concentrations given were based on the work previously
presented.
acid, etc.) normally associated with automated triglyceride

analysis were eliminated.

-
4 o o _7) e o IS ks A S ol e -

s P

The reactor was run in £he debubbled mode, at 60 I 1°C.

-

-

Possible sources of formaldehydes (alcohols, acetic

-z

s W e ey




“. ‘ ’ 193
i 3 ' ﬁ

. 4 |

: Table 4-12: Summary of the optimized p.c.r. system.
t ys{,‘l ' o

% .
5 1. .

; Stage measured* Nominal flow rate Calculaéed** .
o g DC vol (mL.) through stage, (mL/sec) delay time . .
‘*§§~u « 3 .

3 "I1I_KOH - 2.48 0.020 125 sec

L " II NaIoO, 3.17 - £ 0.027 120 sec

I Flx-P- ° 0499 . 0.033 30 sec

T ) : . Naru.nal PWIP}‘*Flw Pump tube
¥ e N L rate(nL/sec)

i III 0.5 M:KOH in H,0 L 0.0038 PVC-0/W

. " 1 ‘ N

. - + I 0.02 M NaIO4 in 0.3 M‘HC104 0.0070 PVC-0/0

N ) : .

& I 0.18 cp Fludral-P in CH,CN 0.0070 . ~ silicon-0/0
5’ HPLC" : % " : 0.0083 " Waters 6000A
A~ - ' A , ‘

% He (gas) . - 0.0070 Silicon' 0/0

- 9 ;

. o . - . .
g : . concentration of each reagent as it occurs in the reaction
(assuming no reaction)

I¥I 0.16 M KOH . s '
II 0.0073 M NaloO, oo !

! I 0.048 M Flr-p i A X
¥ * - . . . ‘o s
%\ Measured by repetitive (10) injections of lutidine into-a unit
% using the Waters 6000A pump, delay cell of interest and
% FS970 detector. Precision was* to, less than 1% relatlve
i standard deviation. .
s . ) * %
: . Due to pump tublng aglng and variations these values are
5 reproducible to *5%. .The total flow rate of 1.99 mL/min
& was evaluated by’ pumplng water through all llnes and determined
5 (T to be”1.97 mL/min. .
% § '
§ ] 4
i ; '
g . ,
ii“. FZ"& "

N
’1
f
i
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Procedures Ce ; ; .

Stages II and III were optimized simultaneou§ly B

.o

73

B e T NG

by using the. system described, stopping flow at the times

indicated in Fig. 4-40, and measuring . Optimization of -
d P

sfage I was done independent of II and II -by passing 1.2 x
-3 :

=g

10 ° M formaldehyde through a 0.37 mL DC. .After stopping

B

flow, 19 sec was required for 95% reaction (100% taken as
rd
o maximum of the A410 profile). This additional delay time

was added to stage I and conditions in Table 4-12 are "for .

e

optimized conditions. .
4 \ ]

§' 4.4.4 Results. and Discussion
v ! ‘ . ,
; When the stop-flow method was applied to the system
2 , the results as shown in Fig. 4-40 indicated that an additional
; 120 sec was required for stage III and an additional 65 sec
5 for II.  Thus for stage 111 1.46 mL and II 1.25 mL of
. additional reactor volume was calculated to be required.
1 ~ b ‘ After addition of the required volume a check was,,

N

done on the c.f.a. by using the stoR~floY method. The data,
‘\ shown in Fig. 4-41, indicate that stopping the flow up to

120 sec gave a negligible increase in signal. The signal.

+ € kd

decreased rather than increased in Stage I,lthis being due

to the perigaate oxidation of lutidine. Also,. a small plateau

for the saponification stage (Stage III) was tolerated

o A5 SR 1 A xS B S _ et £ a o -
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rigure 4-40. Stop-flow mafyci- results of the c.f.a., conditions given

-
in text and Table 4-11, - .
. §
. °
1
tq& :
b .
) ) R * - . B
M A )y
. Figure 4-41. The final optimized c.f.a. design anal d b
8.3, The time ‘delay (120s) resulted in lign;lﬂan{‘. of
oxidation of lutidine (X) and Jittle change in XI'or 111.
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v

, becauéé only‘a.slight increase in signél wés anticipated

g" ) "by adding 120 sec .additional delay time.

‘ | The use of the Stop-Flow Analysis optimization method
developed,heré is hew and thﬁs evidence of general acceptance

a A
.of the method is lacking. The method was simple to use and

S LT e R

centered around step 5. It required only basic chemical -
}J o ‘ knowledge and bench exéefience with the manual, method. étop-
flow analysis involved fewer steps than would be invélved
S ‘ in the 'Simplex' optimization method (142). For compliéated
o 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 limited
definitionbgiven previbusly)nthe c.f.a. used for p.c.r. of
triglycerides and phospholipids.

v

4.5 © DESCRIPTION OF THE TOTAL OPTIMIZED c.f.a. POST-COLUMN

REACTOR SYSTEM )
\
¥ : ! . )
i a : \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

IR RN alle ¥

\ System ar presented in Table 4-12. This manifold design was

PR TANEE

triglycerides following h.p.l.c. separation. The full

S LR

Lz )

given in the next chapter. This design was found to be very

| S i i i A
\
~

L. pbebeRReR— - e e .. /
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Figure 4-42. Photograph of the c.f.a. manifold used
for the p.c.r, detection work. # :
i . |
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‘

rugged and unlike most commercially avaiﬁa?}e c.f.a. units,

| LA
was very insensitive to positioning of its components. The
band broadening contributions of this system are presented"%f;

in the next chapter. The unit was found very suitable. for

’ : Y
use as a post-column reactor for h.p.l.c.
. -~ ' 52 ]
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APPENDIX 4-A

\
-

Comparison of Lutidine Standards with Age

The standard lutidine was made up as 1 mg/mL in
methanol and compared seven months Jpter with another newly
made standard. The comparison pfocedure was to d\ilute ‘
50 uL of the standards to 2 mL with methanol. Results are’

expressed as absorptivity of the sample,

. a S.D. {n=5)
.01d (7 months) 6.89 x 10° (% 0.338)
New (1 h old) 7.37 x 103 (% 0.092) \
- 3

The literature value is 7 x 10°. The standard is

expected to be sensitive to light and thus stored in a bottle

blacked out with aluminum foil.
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'APPENDIX 4-B

PR
=
A\

» & \\

:; In standardization of formaldehyde the reaction

‘,g, sequence was applied to P.C. dipalmitoyl trilaurate, glycerol,

§ ) phosphoglycerol and’ the old and new 1utidf§f\ghstandards\.

%:f, : : The standards were made up as: ]

ﬁ‘ ‘\ “ M -3

‘ § a(15.D.)x10

% P.G. li00x10_3M " in water 2.17 (£0.04)

i ‘ P.C. ; 1.\00x10_\3M in isopropanol 2.65 (iO.l%)

% ; T.G. 5. 07x10" 4 in isopropanol 4.71 (#0.14

% Glycerol 5.00x10™ n in isopropanol 5.87 (£0.21)

g 01d lutidine 5.20x10—3M " in methanol \ - 3.68 (10.18) \
% New lutidine 5.30x10"°M .- in methanol 4,18 (%0.22)

g Formaldehyde 1.0x 10—3M in water ' 4,11 (%0.50) \
§ Methanol, isopropanol and water blanks ,

&
S
%
i

Procedure (n=4).

To 0.5 mL of sample was added 0.2 mL NaMeO* and
.allowed to sit 10 min. WNext 0.5 mL NaI0, was added and allowed
to react 10 min. Then Flr-P was added (0.5 mL) and read at

A after 30 sec with a solvent blank. The apparent molar

410
-y absorbances are given above for (n=4) runs. The results are

Y:i:a\ken as indicating that the formaldehyde standard made from
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/ the 368 stock was adequate for use 'in these studies.
/. - ‘ - , ‘ .
/' ) T < ~ ’:,,‘
ﬁ L + "
*NaOMe 9.0 gm/L MeOH and filtered befdre use.
% NaIO, 5.32 gm/L in 114 mL/L acetic acid-water.
Flr-p 0.18 M in CH;CN. :
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5. EVALUATION AND COMPARISON OF TWO CHROMATOGRAPHIC D CTORS

FOR THE DETERMINATION OF TRIGLYCERIDES AND PHOSPAOLIPIDS

5.1 INTRODUCT ION

In this chapter two\gsfect rs are evaluated for usg
as' chromatographic monitoriﬁg systéms for triglycerides ;nd
phosphatidylcholine ﬁélecular species. One is the commerciélly
available Schoeffel SF770 ultraviolet absorbance detector
(UV) used in Chapter 2. 'The other is the post-column reactor

detector (p.c.r.) described in Chapter 4.

~

The features of these detectors of interest are:
1) Selectivity;measﬁred as response (RD)._

. pd
2) Sensitivity-measured as the solute detection

Limit (Cgp ).
3) Linear-dynamic range
4) Sources and magnitude of noise. :
5) Practical considerations of availability and ease
of operation of the detector.

/

5.2 THE ULTRAVIOLET ABSORBANCE DETECTOR (UV) .

DEtectors based on gltraviolet absorption are most

' =¥ -
widely used of all for h.p.l.c. (1, page 142). The general
operating characteristics of h.p.l.c.~UV detectors have been

investigated (2,3) and reviewed (4). The unit used in this

 —— e e
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study was the Schoeffel Model SF770 with GM770 monochrometer,

a variable wavelength unit schematically represented in

- .
po - \

Fig. 5-1./ This unit is marketed by Schoeffei Instrument Corp.,

24 Booke, St., Westwood, NJ 07675). |
- ' i \
[

This detector's mode of\operatlon is by measurirg

< \

transmltted light through two matched "zee" type flow cells

hFig. 5-2), one the analytical and the other the reference.

cell, and taking the differenceé of the log intensity of
transmitted light as the basis for analyte gquamtitation.
This process can be described in terms of the absorption

of radiation starting with the Boltzmann distxibution
i

LY
P

I = Ioexp(-slbc) | - (5-1)
’ i ‘ lrl ' ;\

gf’ . t : ) % w ( /

where I

intensity -of transmitted radiation;at A,

~
g 2R

I, = intensity of incident radiation at}A,

€y =’absorpt1v1ty of the absorbing analYte at As

o
]

radiation path length through the sample,

¢ = concentration of absorbing analyte;

. ! o | . l
%iiff A, the absorbance, is defined (5) as !
: | .
‘ .
|
- |

1
|

T DRENT N OENEAT A IO -
—

-1

[}

= log I, I (5-2)
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y and from Eqf. (5-1)
- . ‘ ' .o
4 In I,I ' = e,be (5-3)
.;*' . ' o 3
2 combining Egn. -(5-2) and Egn. (5-3) gives the usual' form of
g i
¥ the Beer - Lambert.Law . !
¢ 5 ‘ :
3 (N | | | :
& A = abc , S (5-4) Va
g‘; i — . ’ h e
:%{‘ ‘ wh{é{:e a is the absorptivity of the absorbing ‘analyte and is .
;: dependent on the wavelength of the absoibed radiation.
% ) Because the SF770 is designed symxneérically with
E’l . e - K ) - i o
A \ respect to the reference and-:sample cell (Fig. 5-1), . :
g ot \\\_\ * . 0 7
% . 5 ] ‘ ' ¥
~-.I, (sample) = I, (reference) - ..  (5=5)
3 \ o - o - ’ . w
g o : \\ , . 2
L \

% and thus if 1 refers-to sample and 2, reference, then .
: . T 4
" lw{l = Asolvent ~ Psample i (5-6)
7 L . Lyen: ple
. - \ = "‘ : v

| c - " log IoI -1 . o ~/ (5-7)
) ’ ' °"2 nt ’ )
E e\ ‘ ) . "\ -
or on subtracting Eqn. (5-6) from Eqn. (5-7) . /
'f" " o s . . “ . R ‘ P AN Qﬁ . & - . . : / "
E - C} . . ’ : \..". , Asample = log 114-‘ log I/z . (5"'8) a
L v e “ a v
; Al o\ -
5 V - )

‘ o )
;m, s I -“E T v PSP * e i i )
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‘The'logarithmic amplifiers of the SF770 do the log conversion =,

#

shown in Eqn. 5-8 and the subtraction is done usi\ng an

14
AR s agy;

X
<2

. . operational amplifier circuit.

5.2.1 Selectivity - |
: |

The Jelectivity of the ultraviol absorbance - &

radiation as. well as the nature of the analyte, the detector
B ,f o v :

\\ all contain acyl moieties and are derivatives of either
: P
, glycerol or substituted phosphoglycerol. The detector

» . 9 R = a:

Ry Acst ‘, (5-9)

where a)\‘ is the absorptivity’ of the analyte at the detector

wavei_eng‘th setting, CS is the concentration of the sample
of triglyceride or ‘p.l{o‘sphol‘ipid, D‘ is the chromatographic
- dilution factor, and V is the volug\e of sample igjectéd while
b.in ﬁqn. (5-—4)~ is assumed to be unlity. The absorptivity

a, can be expressed by

)
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.
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(5-10)

whe‘re ax,ay refer to absorptivity of isolated and conjﬁgéj:ed
double bonds, a z to other chromophores substituted on the acyl
moieties (i.e., epdxides, hydroxyl, etc.) while\ 2y

refers to
the absorptivity of the glycerol or phosphoglycgrol moiety.’
Equation (5-10) assumes the respectiye Pchromophores are not

an auxochrome of the other. Some representative absorptivities

for polyenes are shown in TableVS-l.. '
The absorptivity of a_ and a, can be predicted from ™

- the guantum mechani‘cql "partic'le in a box" model by the -

relationship (6) /

)
LY

N

1
_ nneidy

%%,y = 37hcI;000

(5-11)
) 2

where % is the length of the box, N is Avogadro's number,

e is the electronic charge, h is Plancks constant, ¢ s the

velocity of light and v is the freguency of the incident

radiation., TFor the purpose of simplifying notation, a, and ay
are combined as a, y' If 4 is assumed to be approximated by .
i 14
21 = ka (5"12) m«j.:,h
N A ! * o
where k is, Qe unit length of the carbon double bond and Dy R

is the -number of double bonds in the total’ molecule, then

e

iy Moy ooy

prolupninrvnps'sd * i
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X

Table 5-1: Lowest energy 7r7* absorption bands of polyene

N

»
.Aldehydes.

X

aldehydes [CH‘-(HC=CH)n-CHO] and acids [CH3—(HC=CH)h

COZH]..

ur o W

w N =

3
Taken from reference 5 , page 72.

)‘m ax (nm) , dioxane | a
217 : 15,000
270 27,000
312 ] 40,000
343 ” 40,000
370 | 57,000
= 393 65,000
N
}‘max (nm) ,' hexane a
208 12,500
261 25,600
‘303 36,500
332 \ , "48,00
\

ey
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Ll
Eqns. (5-11) and (5-12) combine to give
’ a. . =cD? (5-13)
*,Y. b
2 1

where c is the constant 32Ne k2‘v(3whcl,000)- .

A

The usefulness of Egn. (5~13) resides in the ability

to predict.the value of 3,y for the acyl portion of
14

triglycerides or phospholipids at constant wavelength (c/v).
The absorptivities presented ‘in Table 5-1 indicate that

both Ama‘

% and -a increase with increasing Dy, - This information

is of little use with fixed wavelength measurements. As
will be experimentally shown, the major contributing

chromophores to a,
of 195 nm are those whose absorptivities arevrepresented
§
by a . ' ~ (
Y X,y - .

at the expeiimentally chosen‘WaQelength’

5.2.2. Sensitivity

The. sensitivity of the detector can be described

I

1
in terms of its lower detection limit, which in turn is

_defermined b& the detector response, Egn. (5-9), and the

baseline noise in the same frequency, domain as Ruv' As was

discussed in Chapter 1, the signal-to-noise ratio (SNR) can

be used as a basis for describing the lower detection limit. °.
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7

(5-13). The noise of interest is described in the following

The signal (Ruv) can be predicted from Egn. k5~9) and Egn.

sections. The lower detectable signal is defined as twice

the 20 noise and is given from Egns. (5-9) to (5-13) to be,

as a SNR expression,

’

x ‘.

SNR = 32Ne2k2Db2vCSDV(3,OOOHhc(ZS))—l", ~. (5-14)

A4

- -

or if ngL is the solute concentration at SNR = 2,°

-

2,2 2 1

" V. = 6000mhe26 (32Ne“k D, “vDV) ~

SDL
‘Inspection of Egn.- (5-15) indicates that the
detection limit for glycerides and phospholipids is predicted
to be inversely proportiohal to the square of the number of

double bonds in the molecular species.

1

5.2.3, The Linear Dynamic Range {

The upper analytically useful range of the detector,

as presented in Chapter 1, was given as the upper concentration
]

where the linear relationship of signal to concentration
varies by greater than 5%. This value can be experimentally

determined by the appropriatexstanaard concentration versus

response determination over a large concentration range. The

O T L O N B L N . T PR A



-measured 20 noise) to 2 AUFSD. 'Déviations from the Beer-

due to the very high absorbances and thus low transmittances

) : 219

2

4

SF770 has a lower and upper range of 4 x 10 JAU (the typical

Lambert law depend on both experimental and chemical

characteristics of the system. The instrumental characteristics

are non-linearity in the detector optical-electronic components

of light through the flow cells at high sample concentrations.

The chemical iimitations originate at high solute

concentrations ané cause deviations from ideal so;ution behavior.
An additional consideration unique to the use of

detectors for on-line chromatographic monitoring is the effect

of columm 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 detector response.

In summary, while the detection limit was presented
as being an inverse function of ax,y Egqn. (5-8), the upper
detection limit is nét expected to be a function of ax,y
but rather a function of concentration C or more specifically,
when C is no longe; related to Ruv in Egn. (5-9) due to '
éither chemical or chromatographic 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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5.2.4 Operating Characteristics of the SF770

-

N \
The general operating characteristics of h.p.l.c.

absorbance %etectors (2,3) are summarized in Table 5-2. The
SF770 was previously described in some detail (7) and its

‘ - !
operating characteristics are summarized in Table 5-3./ Ehe

SF770 compares favourably. = to other absorbance detectors

with respect to the 20 noise reported for typical ablorbance

detectors. The optical band pass (5 nm) and cell volume (8 uL)
are typical of hlp.;.c. detectors and emphasize the nature

of the signals as arising fr9m molecular aﬁsor ance bands

and highly efficient columns, respectively. The Schoeffel

SF770 is not expected to be unigque afid can be substituted

5.3 THE POST-COLUMN REACTOR

The design and development of ;he post-column
reactor (p.c.r.)wygs described in Chapte? 4. The actual
detector response originates from fluorescence intensity
measurements and thus "this aspect of the ﬁetector will be

1 \ L

discussed here. The fluorescence detector used in conjuricti

i

s,

o
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e
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Table 5-2: Typical Operating Characteristics of Ultraviolet . o
Absorptién Detectors.- . !
. \ . f
Linear dynamic range «5-1 x 104' 4
Lower detection limit \ 1x1072 gmemn™t \ _ 4
20 noise . 2 x 1074 av ’ ) 3
drift (low frequency noise) less than 5 x 10-5 AU-h—_l 3
Optical density range _’ 0.01-2.54 AU full scale deflection
] ‘ '
A N e X ,
. \ 4 ) * 1
T - \I‘a
y & , - .
. Q
N )
- \ *

. - P
41 i ot 45 = RN
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Table 5-3: Operating Characteristics of the Schoeffel Model

‘SF770. ‘

Wavelength range © 190-630 nm ‘ /

source deuterium (190-~400) and tungsten (350-— ‘
- 630) lamps & - R .
Optical bandpass 5 nmgﬁ‘alf band width V‘

) 5 x 1074 avr
4

20 noise (AZBO nm

. Dprift 5 x 10” 1 :

AU-h~

Cell Volume 8~-uL

-

T s My S SRR
“

Optical Path length ~ 1.0 cm v

: ;
t *Measured with dry nitrogen. .
é -
L - :
; '
4 ~ .
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with the p.exr. was the Schoeffel Spectrofluorometer Model
FS970 with GM770 monochrometer (Schoeffel Instrument Corp.,

24 Booke St., Westwood, NJ).

A schematic representation of the operation and

design of the FS5970 and its cell is shown in‘Fig. 5~3 and

Fig. 5-4, respectively. The sigﬁal from the detection cell

is monitored by a photo-multiplier tube .and associated
amplifier circuit.

The relationship of fluorescence signal to analyte

¥

¢oncentration is (5)

t

N
A F = kf,n¢fn {abe)

.

B

where an is the fluorescence quantum efficiency of species

n defined as

*

o = photons emitted - sec ! _ photons emitted

fn photons absorbed - seé:I photons absorbed

v -
N

(5-17) -

¢ /
and the term (abc) is derived from the Beer-Lambert law and
accounts for the photons absorbed.

The constant kf is an

’
instrumental factor accounting for the total efficiency of

e

the FS910‘in monitoring the fluorescence signal and is

dependent’ on the optical and electrical design of the unit.

\

‘The Eqn. (5-16) is used in the response expression

-

n e i v ey § A B 0 5§ R : ? e o e e s
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i
’ R k! €DV - II © (5-18)

where kﬁ is abk%ln¢fn'and PV are the chromatoéraphic dilution"
and injected volume terms as in Egqn. (5-9), ﬁquation (5-18)
is only applicable in describing fluorescencefresponse‘for
dilute (less than 10-4'M) solutions’ of C DV since at higher
concentrations changes in ké are é?pectéd. ! /

The use of Eqn._(é—la) in this work fequires an
additional term to account for the p.c.r. portron of'the

detector. The effect of the p.c.r. is

-

} ¢
i

o

|

| ek e,
.Crcr,n = ¥ecr,n %s,n-

1
v, ¢
.

_(5-19)

\ '

|

where C is the concentration of formaldehYde resulting
PCR,n ) !

from the chemical reactions of the p.c.r. on n; and kPCR n
I : 4

is the efficiency of the p.c.r. with respect to conversion
of n to formaldehyde as well as the additional éffgcts of

band-spreading, and soiute dilution in decreasiJg Cc , The -
|

PCR" |
term kPCR n thus has two .components, one resul%ing from the
14

{
chemistry and the other the hydrodynamics of the p.c.r.
‘ i

Coﬁbining Egqn. (5~18) and Egn. (5-19) gives

= ]
. . RFlr,n .kn kPCR,n Cs,an

R

bk sl e A > L A5 f . RN
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4 i N ’
or " N
' N r
; RFlr,n = kn CS,nDV (5-21)
~F, . - .
where kn is 'I;he combined constaﬁnt knkPCR,n and cs,rf refers )
to species n. 9 )
When doing fluorescence measurements, some factors
to consider are the role of impurity quenching (such as :
oxygen, which at the 10“3 M concentration level decreases
fluorescence by approximately 20% (8)), and the role of \
temperature (approximately a 1% decrease in F/°C increase’ ‘
in temperature (8)). .
5.3.1 Selectivity . ’
, 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. or with endogenous fluorescence excitation and emission

similar to lutidine (J\gig) . The response of the detector

to triglycerides and phospholipids can be determined, by

Eqn. (5-21‘:)‘*T 1f k_ is the same for all 7G and PL then the

G

detector is a molar response detector for these two classeés

of comﬁé‘u'ijds. hgl‘his p.c.xr. detector was specifically designed

r
Al

for this role. <

»
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noise associated with the detector can be expressed as ,

.is~a function associated with the peristaltic pump noise and - p ]

- fundamental noise components associated with the p.c.r.

» © ' L3 3
. where kkaCR,n and kn_ may not be identical.
Equation (5-23) can be simplied to ‘
: ' N

= - N Lo © 227

[ ¢

5.3.2 Sensitivity .

=g

The sensitivity of ‘the detector, if defined as for

the UV detector, is determined by the SNR éxpression. The

¢ :-

ks w
-
i

Moo = ¥p ¥pcr,b%6Pbbeb - oo (5-22).

L i - -
where kb kPCR,b are as for Egns. (5-18) and (5-19) except

here refer to b rather than.n, Cb is the concentration of

chemical species b in the system as background, ‘and Pb‘#cb .

mixing in the p.c.r.',' resﬁeci_;ively, a- general function
describing the overall efficiency of the p.c.r. units reagent’ -
delivery and mixing components. This function:is expected

LS

to have a complex nature and is made up of the sum of the .J

1

S

The SNR expression is, from Egns. (5-21) and (5-22) "= “

i

LI _ ' -1 i - =

SNR = K. C -1

SNR s ,ncb
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%V o whére Ronr = ¥n %5 Kper, pProe b)—la‘ Thus the sensitivity of '
_g’ ” %l ; ‘the detector is directly related 29 the ratio C ,n/cb‘ Thei ‘ 4
% | lower detectlonilﬁmlt for the deteété; can be defined in

i ) - terns of the Ep noise level so that” o

%; | SRR Cipron = zcbxgéR (5-25)
i’ , where ngg,n is thélépncentration of analyte detected at the

j . detection limit. ‘_‘ L , ¢ | ’

a \Z'
‘\\5.3.3 Linear Dxnghic Range . - . i

[>4

The linear dynamic range of the detector is

o

s determined by the p.c.r. and fluorescence cSﬁtn@butions to

this detector characteristic. Optimization, of the p. c.r.

- chemistry Wasédone assuming each reaction stage involved

kiq;fics which remained constant (with respect to order)

< s e SR

regardléss of the degree of fééction. For the linearity -
of Eqgn. {5-21) to be\valid} kPC%,n must be independent of .
concentration. This is not expected to be true for high
concentrations of the solute n, specifically when the
concentration of n approaches the concentration of the reagents‘
used in thé pP.-C.Ir.

The linearity of Egn. (5-21) also depends én\kﬁ béé;; B

/ \ y 5

independent of concentration. At high concentrations of n
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- the inner filter effecf‘(also called concentration quenching f v

; ‘effect (8)) ik expected to affect k and thus k! and k_

f,n
are not ekpeciéd to be constant at high solute concentrations.

The lower range of the detector is determined by the lower

detection limit as described in the context of the detector

-
o

sensitivity.

*5.3.4 Operating Characteristics - of the Schoeffel FS970

. . ' The operating characteristics of the FS970 have not

ok,

been described previously. The novel feature of this-

\ —

detector, compared to other spectrofluorometric detectors

*

for h.p.l.c., is the cell desigh. The frontal fluorescence

, design is unique since most fluorescence detectors are based

: on cylindrical flow cells with detection of -emitted radiation

occﬁ&ring at right angles to excitation. This conventional

design. is convenient from the, standpoint of detector
) . construction but has limitations with respect to iﬁg%rumental

sehsiﬁivity since only a small fraction of the em@éted”
radiation is detected. The frontal éluorescence ceil eﬁables,
with the use of thé;éuartz reflectance sphere (Fig. 5—4), a
larger pregentagé of emitted radiation to be detected. Thus

the FS970 is expected to have greater sensitivity than other

spectrofluorometric detectors if the detector SNR is signal

limited and the predominant contribution to noise is from

AN TR AL L Mt e N ; 2 - o e e et ;
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dark currenf. If tpg Qefector is noise limited from the
same source as the signal then the FS??O will have similar
sensitivities to other spectrofluorometric detectors.

The FS970 used for excitation a Corning filter 7-59
(transmission max. 370 nm, band pass 140 nm)} and monochrometef

set at excitation 410 nm, 0.5 nm half band pass (calibrated
1
i
{

and 550 nm (standard from Schoeffel) which are both high !

as described in Appendix 534). For emission filters 480

i
pass filters with 50% T at the wavelengths cited, were gaﬂged*
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 compariéons of‘
the absorbance and fluorescence detectors (9) for h.p.l.c#
have indicated that the order of sensiti&ity for these
detectors is the reverse of the order of their selé;pd;ities:
The expected detection limits for these detectors are 'shown
in Table 5-4. The response (RD) and/éetect&on limit
expressions’(chL) for these detectors are summarized in
Table 5-5 in their extended forms. | ‘ \

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
N .
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Table 5—3: Reported detection limits for h.p.l.c; detectors

ch
SDL'

10

Filter photometer 2x10°

10

Spectrophotometer ! " 6x10”

-

14

Spectrofluorometer 1.8x10°

,

- e

theorefical‘

CEDL’ practical

2x1072
6x10" 2

_1x10710' .

¢
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Table 5-~5: Summary of the detection limit and response
expressions for the ultraviolet absorption and

P.c.r. detectors.

- ’\}
2 ‘ A -
uv uwao 60007hc
o = ’ Z = (5"26)
*PL p v W 3one?a%y
’ .
JFlr . _ Flr vPp (9cp) . - '*ece,p 527
SDL,n DV ' Flr — ab
' PCR,n 2. 3Kf n¢f
L -
2. 2p, 2 :
= 32Ne“k “Pp . ’ _
Ruv - 3000hc¢ o CSDV p 7 ~ (5 28)

RFlr,n = (2'3akaCR nkf,n f )C DV (5-29)
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Ryy -and ngi are a function of Db2 of the compound detected,

The fluorescence detec£or is the more selective and, because
of thé post-coclumn reactor chemistry, the RFLR,n and Cgéi,n
are independent of the molecular weightiof the acyl glyceride -—
or phospholipid. All the detectors are expected to giQe
responses which change in a direct proportion with the
concentration or solute present in the eluent. ° ’
Because the post~column reaction is a molar-reséonse
i 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

detector's response ratio taken from Egns. (5-28) and (5-29)

and is '

uv _ C 2 L k

Reir = 3% - (5-30)
3 ’ !
P {
s _ ;
B ) - [} K
; where a = 213 ab FPCR;n-kf,n¢kn :
o . . “g
¢ = 32ne%k? v (3000nc) "L, 3 ;

[

This expression is generally useful, being indépendent of E
. 4
the chromatography of the system as well as the amount of :

sclute injected.
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5.5 EXPERIMENTAL ) \

AN
AY

The experiments described here were designed to
evaluate the UV and p.c.r. detectors for the on-line detection

of triglycerides and phospholipids. This involved utilizing

the chromatographic inforfnatiqn and-egquipment described if

© in Chapter 2 and the detectors described previously in this

and Chapter 4. Primary emphasis is placed on the evaluation

of the p.c.r. detector since it is novel, .

5.5.1 Equipment

The same equipment described in Chapters 2 and 4
was used in this section. The detector arrangements were
such that the UV detector (Schoeffel SF770) was always

placed directly after the column, the post-column reactor

. /" ﬂ“\
of Chapter 4 next, replacing the-refractive index detector
in Fig. 2-1. Data involving detector response ratios werew

taken from this configuration. ) :

5.5.2 Chemicals

°

All solvents and standards were identical to those
used in Chapters 2 and 4. Numerous triglyceride or phospho-
lipid standard mixtures were made by combining volumes of the

»

standards listed in Tables 2-1 to 2-3. The standard mixtures.
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referred to in this chapter are listed in Table 5-6. The
mixtures were stored desiccated at —20°C when not in use.
fP:C. dilinoleoyl or P.C. dilinolenoyl wer';ordéred from Sigma
in anticipation of their being used. Some standards were
rece;i.ved in partially degraded form and were discarde&. .
Those which contained only minor amounts of degradatiqﬁ products
(total amount estimated to be less than 5% of the parent lipid)
were used without further purification. As mentioned inw
Chapter 2, ;:he degradation of thesé 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 ei:the

the differential refractive index (Chapter 2) or p.c.r.

detectors. All other synthetic lipids were found to give one

band using the RI and p.c.r. detectors. ’ /

5.5.3 Methods -

The sources of noise and background in the p.c.
of (fhapter 4 were investigated in a descripfive-mann;\r.
was aone by noting noise and background in the optimized contin-
uvous—flovw analyzer (exact conditions in text) under a variety
of conditions such as during successive addition of feage_nts,
cycling of the pumps and heaters and.observing the effect -

of gas bubbles clearing through the flow cells. N

-
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.5 Trimyristin 5.53x10
10 Tripalmitolein 4.99x10"
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i
; 5 , Table 5-6: Triglyceride and phospholipid standards used for
i 5 5 the detector evaluations.
3
1 ;
g “ N TG-I Conggétration (M) N  PL-I Concentration (M)
\ )
- § 13 Triolein 2.25x1073 S 1 -Dihexanoyl 5.24x10” %
’ % o 11 Trilinolein 2.30x10™> 3 Didecanoyl IZ.lelO_3 ;
3 8 Dioleoyl 1.51x107° ;
: -~ 9 Dilinoleoyl 1.50x10™ > :
. T6-11 . 10 Dilinolenoyl 1.50x10™> i
i
g Trimyristin 5.53x10 > : ’ %
! 4 Trilaurin 6.26x107° ‘ “ i
; 10 Tripalmitolein 4.92§10'3 5
i 11 Tg%}inolein 4.60*10 ?
i \ - \
{ TG-III §
§
'

Separate TG Standards

!
i
¢
&
+
+
H
§
3

4 Trilaurin 6.26x1073 - x
10 Tripalmitolein 4.99x107°
13 Triolein 4.350x10 3
3

3 14 fripetroselinin 4.52x10° \
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"The observations on the effects of gas bubbles led
to an alternative to gas-debubbling described in Chapter 4.
Thiws:/ was to allow bubbles to pass through the detector cell
by applying electronic filtering to select for the desired

signal. A choice between using the absorbance or fluorescence

detector for monitoring the p.c.r. was made on the basis

of experimentation with comparing the re5pons§s‘ of the two
3 ' \
detectors in the optimized p.c.r. ‘

The\general method employed for detectoéor evaluation

i
\ r:
1 4

1
was to injecti varying amounts of standard into the chromato-
- 1

graphic s\ysten;. Three general classes of experiments were
run. . - ’ . . '
1) Detector Responée versus Sample Amount Injected.
Standards TG-I and PL-I were used to determine
the relationship between amount of standard injected and

detector response, RD This was done by injecting between 2

and 25 uL of a standard mixture into the system and monitoring

., the detector responses. Chromatiographic conditions for all

experiments are summarized in Table 5-7. Responses. are

reported as peak height measured from a line defining the ‘ 2
top boundary of the baseline noise to the upper most deflection
of the detector response. These responsés are reported as
ab,sorbance units (at 195 nm) and relative fluorescence

intensity response and are self consistent within each

experiment.
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Z ‘ Table 5-7: Chromatographic conditions used to evaluate the

E}% . detectors. .

?,‘

?‘ 7

x *Column: S um’C6 reversed phase, in-lab des'igned.

i 'Temperature: 60 * 1°C

¥

» ) - -

; ' Flow Rates: 1 mL-min 1l for UV detector

§ 0.5 mL-min~ ' when the PCR is used

g Eluent: varied as follows

¥ : ' .

t Standard Eluent Composition* f

{ , TG-I . 100% CH,CN

; . , . ' ;
& o TG~-II and III . 90 CH3CN/10H20 o ' N
§= TG-10 and 11 95 CH,CN/5H,0

2 TG-4 and 6 ' 90 CH4CN/10H,0 |
; PL-I . 95 CH,CN/5H,0/0.1 :
% conc., H3P04
! .
z N
/ s k-
5

3 ' 3
;* *See Chapter 2 for full description. ‘ ]
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Noise levéis were measured directly #ff the

chromatograms by drawing two parallgl“linéé tﬂat border the
peak to-peak noise. The noise was measured over three peak
base widths of the broadest chromatographic bénd

2) Response Ratio of the Detectors.

The detector response ratio, R;Ir was investigated

using standards TG-II and PL-I. This involved making in- a
jections of 2-~10 pL of standard mixture into the chromatographic
unit. Injections were repeated between 6 and 15 times 3
(n =6 to\lS) and the meén and standard deviation are reported.

J) The Evaluation of the p.c.r. Detector. |

c The standard mixtures TG-III and PL-I as well as

the separate TG standards were used to evaluate the p.c.r. !
detector response‘RI..,lr'n and selectivity. Thié involved
repetitive (n = 5) injections of 10-uL volumes of the separate

. ,
TG standards or PL-I mixture (n = 3). The mixture TG-III

" and PL-I were also used to illustrate the selectivity of

the p.c.r. with.respect to detéction of these lipids in the E

presence of large amounts of the solvent chloroform. '
The . response of the p.c.r., when éiven in terms of‘ |
peak aréas, was calculated using the relationship of height 5
(h) to base (b) of an equilateral triangle (area = 1/2 hb).
This method was used because of the relatively low SNR
encountered with the agpounts:of sample used. in these studies.

The use of low concentrations of standards was necessary
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i ) and is discussed at the end of this chapter. . g
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4 5.6 RESULTS AND DISCUSSION

& 5.6.1 Origins of Noise in the P.C.R. ) .
Possible sburces of noise were observed to be: .

+

! ' . a) Proportioning pump pulsations Cor K

3 L . b) Heating bath cycling

3 -

c) Particles in the detector cells

d) Bubbles in the detector cells

bt

e) Switch or relay noise and 60 line pick-up

3 . - 4

LR O] Y G e -

1

.and are illustrated in Fig. 5-5.

v

-

. Ve
‘Proportioning Punip Pulsations

Lo
»

The proportioning puﬁ; (Technicon Pump III) used in

- this gtudy was not pulseless and a periodic noise (Fig. 5-5A)

o

of frequency approximately .1 Hz was noted from this source y
Hdwe;er, due to the nature of the p.c.r.'unit bein? multi- . ’ ¢
channel, each line contributed hoise-of a slightl%:éifferenﬁ
phase. Thus,'ad&{gg additional lines to the p.c:r. gave a
variety o% yoise patferns. For instance, when adding reageh% .
Fluoral-P through each. of t@e'tﬂree stagés in succession, :
. ‘ j
: g
characteristics and amplitude of the noise varied as a function /

the traces shown in Fig. 5-6 showed that the frequency

of the fundamental noises and their relative phase. This
) 1

+
I
v




e o it it
&
.
.
s
-
'

t s '
. [

: .
i : .
i .
1N
B , T . ;
_l b
F . - . .
i
} ‘- -
i fs
:
Col
3 A . . ’
i
; ] - N\
, i
i \ DI i
I . N
; . :
£
i 0
!
i
] ’ ——
;' — A - -‘\
[ . "
Ex : Y <
* . b . ‘,,’) -
i . 5

WL . Y
ﬁ‘: “ . ‘ :
oo

N 2 - o .

O .
b ' . , - '
beels . . pigure S-S. Recorder traces of soms representative noise

" : patterns rved for different sources in the p.c.r. .
E Arzows in C and D indicate where bubble was observed -to
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successively through raactor stages III {A), IX
{(B), and I (C) on bassline noise. ,
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. is also shown- in Fig. 5-7 where Fluoral-P reagent wasu added

through one channel of the peristaltic)pum‘ﬁ while the Waters

6000A pump (a pulseless source) was used to vary the back- .

ground signal by varying. the amount of acetonitrile used to

mix with the Fluoral-P reagent. The range of 1.1-2.0 mL/min

) CH.CH is shown and illustrates that while white noise is

3

decreasing in general (as seen by a lowering of average

ba&kground) the amplitude and freguency of the noise was .

"ioa A variable:&éq@“corresponded to phasing of the various fundamental

noise sources. Generally speaking, 1/f noise was observed

to decrease as white noise decreased if 1/f noise originated

{ n

. g © from the same source as the white noise. However, the effects
~of fundaZnental noise complicated the relationship. b] ]
Proportioniné-pump noise wa'so .found to be the
i . .greateét single source of noise in the p.c.r. because of '

. the frequency over which it occurred. Since signals for

: }
L5 the p.c.r. were of the same order of freqqency/as the ° .

kY
N T N

proportioning pump noise, discriminating against this noise

was not possible.

o

- Heating Bath Cycle ,

o -

" A very common source of noise was that due to cycling

of the heating bath. As illustrated in Fig. 5-5B, the on-

of £ cycle of the bath used to incubate the p.c.r. manifold

s

conéributeq noise in é}le‘ 0.01 Hz range. In'lthis baseline

fa
.
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4 ‘ ’ . ’ - gure 5-8. Swccessive addition of reagents (Stages indicated)
o | e . , ix‘;d the affect on baseline and noise, Conditions ars for ths e
‘ 60 S * optimized manifolid. .
- A .t ) . - ' )
Figure 5-7. Baseline noise as a function of different i
dilution levels of Fluoral-P reagent (0.42 mlL/min). . .

Dilution was accoimplished using the Waters €000A puap
. and watur with flow rates indicated (mL/min). . . -
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trace I corresponds to the heating approaching the thermostat
set-point of 60°C. When cycling begins (II) beriodic noise

is seen. In III the heater has been turned off. To eliminate ____
this source of noise the heating bath waslinsulated and kept
full at ali times. This resulted inﬂlonger_bath cycles, -

outside the frequency range of interest.

Particles in the Detector Cell
Particles in the optical path'of the spectrophoto-
meter were éharacterized by extremely high background (white
noise) and originated from precipitation of reagents in the
-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 associated with bubble formatioﬁ
in the detector cells was characterized by high absorbance
and background in the absorbance detector and by 1/f noise in
the fluq;escencé’detect&r. Examples pf the formation of a
“bubble in the fluorescence detector cell are illustrated in
Fig. 5-5C and Fig. 5-5D. In the first example (Fig. 5-5C)
bubble growth in the fluorescence cell can be seen to occur
by the decrease iﬂ backgrougﬁ signal and then the sudden
shift to grgater background as the bubble i§ dislodged. A
fundamentally simiiar-proces; is shown in Fig. 5-5D except
that much greater background (as white noise) is present

\
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due to the application 9f reagents to the p.c.r. The noise
associated with this type of proce;s was noted to always be
a function of background. This is not surprising when
considering the mechaﬂ{sm of the noisg being a function of
change in the fluorescence cell surface and volume. This
source of noise was eliminated Ey allowing bubbles to pass
through the fluorescence detector cell. Thus this 1/f noise
was replaced by one of much greater frequency (from )
?pproximgtely 0.01 Hz to 3 Hz) aﬁd was treated by electronic
filtering.

Switch and Relay Noise and 60 Hz Line~Pickup

. This source of noise was usually synchronous and

could vary from relatively high (60 Hz line) to low (0.01 Hz
heatgr;or refrigerator cycling) frequency. The heater noise
previ&usly discussed was due to temperatﬁre effects of the
pP.c.r. Relay noise associated with the heating cycle is
shown in Fié: 5-5E and is charécterized by spikes in the
detector respgﬂée. Line pick-up at 60 Hz wés also noted
for the recorder and was charaeterized by hum. Neither of
these noise sources were treated by filtering since they
originéted 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-~-8 shows the ;ohtributions to fluorescence
background that occur as each reagent line in the p.c.r. is
added. The minimization of background islimperative ig 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 ffom the normal triglyceride
manifold design was required. This involved elimination of
all major sources of forméldehyde contamination such as
alcohols and acetic acid. fﬁese were replaced with aceto- .- .
nitrile and phosphoric or pe;chloric 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 degection limits. for the clinical triglyceride
analyzers can be calculated for a recent system to be on the
order of 5 x.107° moles injected (11). This illustrates”
that the conventional manifolds are concerned with upper rather
than lower ranges in the analysis. The p.c.r. system
described h;re\should be far superior to the conventional
models'begause of the éare given to minimizing band spread
and lowering detector noise. Investigating the p.é.r. with

distilled water flowing through all channels and injecting

standard lutidine gave a lower limit of detection (based on

hel

P = B
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10 moles lutidine: .

0.0008 YA being the 20 noise) of 1.6 x 10
In tbe f.i.a. study of the Fluoral—? reagent (Chapter 4) ,

formaldehyde was ‘detected at the 3 x %9:9 moles per injection
~leye1. This system contained Fluoral-P and dilute phosphoric

acid as the reagents and with.the higher background compared

to distilled water higher detection limit wad® found. The
10

-
-

value of 1.6 x 10~ moles can be taken as the Ebsolute lower

limit of detection for the system based on the Fluoral-P

reagent and using fluorescence detection.
9

A more realistic
value for detection limit is 3 x 10 ° 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 the Post-Column

Reactor

The complete p.c.r. was used
and typical recorder output is shown

fluorescence detector was foundg-to be

for this evaluation

in Fig. 5-9. The

’

far superior to the

absorbance detector from the standpoint of signal-to-noise

ratio. Thus the absorbance detector was only used with the
rs

S

p.c.r. during the aptimization (Chapter 4).

The main problem associated with the absorbance

i

detector was low frequency noise due-to Schlieren bands in

the p.c.r. stream. The design of the cell is such tQ?t it is

N
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Direct comparison of
fluorescence {41 ¢ 510 nm) detecti
added to the optimized manifold.
detection matched the absorbance

absorbance (440nm) and
on of 25 nanomoles
Baseline noise for -
at 50 times amplification. -

Abs
Flr .

formaldehyde
fluore-ceqce

‘ T-= 1s 3s

:iqurc 5-10. Recorder traces

low through at 1,3, and 9 5 filter time constant.,

Table 3-8,

of fluorescencs reasponse to bubbled
The outputs

were used to generate the results Presented in Figure 5-11 and
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very sensitive to refractive index changes in the effluent

and thus also effluent temperature. One cell design, the

; e g

Taper cell™ of the Waters Model 440 Absorbance Detector
(Waters Associates Inc., Maple Street, Milford, Mass. 01757} is

claimed to be less sensitive to refractive index changes;

v

however, attempts to fit such a cell to the SF770 failed. ‘

The Waters Model 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 Bubbled and Debubbled Response in the

SF970 \

\

The parameters whicﬁ determine the sensitiviéy of \

the p.c.r. are: - | |
1) 20 noise, ‘ ‘
2) band dispersion proPirties (wl/z), \
3) Signal (S). \

The'éignal—to-noise ratio (SﬁR) determines to_a great extent

the sensitivity of the system.’ - ' \

When comparing the fluorescence and absorbance
&
detectors, one fﬁ$§s a fundamental differeénce in the effects
of éas bubbles on their resﬁective respoﬁses. In the case

of the SF770, a bubble scatters the sample beam causing a .

' \
maximum absorbance signal to be measured. In the fluorescence

-

o
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c{' '
détectors (FSB?OE a negative response corresponding to a

¢
decrease in the frontal fluorescence cell surface area is

Y

seen. In both c?ses the frequency of the disturbance is
;

the bubble frequ%ncy. /
With reépect to absorbance detettion, the effect on

.
the detector of a quble is independent of the absorbance

W,

backgrouhd. This is ﬁé% true for the fluoresence detector
AN

~_ 7 . .
since a decrease in emission rgﬁhqs/iﬁa@?gbatter causes

the noise. Thus deéreasing the background fluorescence (SB)

can be used as a means of enabling bubbled flow to pass through

the detector cell and thus eliminate the need for, a debubbler.
{

The bubbled versus debubbled mode of operating the fluorescenge

detector was examined. i
First, some justification should be given for

eliminating the debubbler described in the previous sections.

The f8970 was evaluated with and without the debubbler. Two

features of the signal, signal height (H) and dispersion

2.354 o), were measured. The experimental data -

o=

1/2
are summarized ip Table 5-8.

(hexre W
What is immediately apparent
is that the debubbler increases band width at wl/Z by
approximately”50% over the bubble-through-detector mode
while the entire c.f.a. increases band width relative to
‘Ehe signal mea;ured with the SF770 by 19%. ihus, the main

-contribution to bénd‘broadening in the p.c.r. is the debubbler.

-

4 -

e - - - e B 4 g

)
N ioa

s




ST Ty e oy

3

o
e
§

L

Table 5-8: Comparison of various detector modifications on

N

Mode

; . l. Bubbles through
% detector

; | 3. Bubbles eliminated

3. SF770 response
A1 950m’

! *

units for 3.

wy/2(s) (n)

17.5 * 0.89 (8)

26.0 * 0.76 (8)

14.7 * 0.78 (19

123.6

- 33.5

0.097

o

i+

-+

7.6

5.4

0.0036

band disperston (51/2) and concentration (H).

(n, %5.D.)**

(8, 6.1%)

(8, 16.1%)

(18, 3.7%)

* : .
Fluorescence intensity for 1 and 2, not comparable to absorbance
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The development of electronic debubblers and bubble-gates
as mentioned in the previous Chapter are thus quite
understandable.

Lol

Another parameter of interest, peak height (H), is
affectéd greatly by debubbling where it is seen that a
substaﬁtial signal decrease (approximately to 28% of the
former value) is seen when the debubbler is useﬁ. This
attentuation of H is due to dispersion and lack of efficient
pull-through. .

&

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 debubbled mode. An éxplanation
‘for the high S.D. when using the debubbler is that even
though all reagents are degassed and the segmentation gas
is helium, bubble formati9n<occurs in the SF970 and thus
‘agiects the effective volume and. surface area of the cell.
Thus elimination of the debubbling can be justified on the
‘grouﬂds cf attaining better signal, less dispersion and
better reproducibility. It is also noteworthy that the p.c.r.
gives an increase in band dispersion of 11 sec (Taﬁle 5-8) .

The Schoeffel FS970 is equipped with a one—stagé .

active filter with variable time constant (1) from 0-10 sec.

The effect of \aryipg‘r on detector response (H) and dispersion

/
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(Wl/z) is shown in Fig. 5-10 and summarized in Fig. 5-11
where a plot of T versus H and W1/2 is presented. The values

as presented in Fig. 5-11 are normalized to 100.

- LJ * \\\

An investigation of the §ssociated peak-to-peak noise

trepresented as 20 noise from Chapter 1) versus T as measured
over a two minute internal is shown in Fig. 5-12 for the

conditions of low background (H20 on-line) and the operating .

‘background (reagents on-line) when bubbled and debubbled. The

results indicate that T = 4 is sufficient for eliminating

the major high-frequency portion of the noise and little is
gained with respect to noise decrease at greater 1. It is
of interest to note that the noise profiles approximately

parallel each other. This indicates that in both cases a

high frequency noise is superimposed on a low frequency noise

\
and is independent of effluent background signal. At T = 4

a noise decrease of approximately 74% is seen when debubbling
is used. This decrease is not enough to justify using a
debubbler when one considers the effects of debubbling On'H,
le/z’ and the effect of gas bubbles on precision of §,
Bubple formation in the celi did not occur with the SF770
detector if helium degassing aﬂd segmentation were used. It
éﬁéuld be mentioned that the SF770“had inlet and outlet

tubing of large diameter compared to the'very small interior

&
diameter of the inlet and qutlet tubing .of the FS970

B
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Pigure $5-12. Melationship of Filtering T oo measured 20 noime of the
. ¥$970 with bubbled flow for witex (#}, only Fluoral-F (4) and the
’ tojdl reagent systsm (m ) through the op sed sanifold. e
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. 5.6.5 Evaluation of the Detectors for H.P.L.C. of Trigly- 2

. standard: Thus a direct ?elatiooship between detect&f .

]

i

]
=

)
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(approximately 0,018 cm). This narrow diameter Fubing was
easily clogged and creatéd,additional problems of variable
'pulllthrough Detector cells having moderately &ide diameter
tublng (approxlmately 0.03 cm) would not suffer from the
‘unlque problems of bubble formation and clogged inlets.
However, for evaluation of the p.c.r. response, the debubbier
was eliminated and bubbles were allowed to pass through tﬁe

'FS970 cell, 'filter time comstant of 4 'sec.

L
]

4

_ cerides and Phospholipids . . , 2

fvaluation of‘RD c

Q

“

Reference to Eqnsl~i5—28) and (5-29) shows that R;

is expressed oy the general form: " |

( : . R, = DFCV ' (5-31)
, z i

where D is“the chromatographic dilution factor, F, is the

respective detector response constant given in parenthesis

in Egqns. (5-28) and (5-29), ‘and C is the concentratlon of the

fesponse hD and volume of sample injected (V) is exp@bted.

v The results showing-R, Versus volume injected

(given as aﬁount of btahdarﬁ injected in moles, thculatéd\
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from the product VCS) are presented in Figs. 5-13 to 5-16,

and summarized in Table 5-9. The 20 noise levels are alsg
indicated on each figure and enable calculation of the ad
‘detection limit for each detector under the expe;imental
conditions used to generate each standard curve.

, The results show that good correlation exists
between amount of lipid introduced and detector response RD'
éhus the general {Prm of Eqﬁ. (5-31) is correct. Inspection
of Egn. (5-31) also prediéts that for any given detector
condition (FD) and amount of solute injectgd (CSV), the
chromatographic dilution factor D will gdetermine Ry. This
is seen for the p.c.r. data of the triglycerides and the p.c.r.
and, UV data of the“pﬁosbholipids where the later eluting
bands have lower detector responseé (measured aé é).

The concenfration ranges us;d for e§a1uating RD -

were harébw. This was because oE'the limited solubility of
the standards in the chromatographic mobile phase and the
effect that chloroform, used to make up the standards, had . .
on the p.c.r. It was noted thaf sample injeétions greater

than 25 uL gave a high probability of causing.precipitation

2
and blockage in the p.c.r. This effect is expected to be

minimized if sodium hydroxide rather than potassium hydroxide
is used for saponification. The precipitate is most likely

potassium periodate; its sodium salt is"morégsoluble in
' i
organic solvents. )
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Table 5-9: Linear regression analysis summary of standard curve data for Pigures §
1 ° §
5-13 to 5-16. ' ® i
L R, = BV + A ‘
" petector Fiq. 5- Standard B A L A Linear condition ‘
] . Fig. » N T 7 Coefficient
. Triglycerides
hi - w 13 13 3.4(%0.63)x10°  1.8(%1.44)x107> 0.9391
PCR 14 13 9.9(x0.74)x10% 3.1(#5.53)x107% 0.9918
S PCR 14 ¢ 11 2.5(20.10)x10° 4.9(27.73)x10" % 0.9976
\
i
Phospholipids PN :
uv 15 ' 9 1.5(i0.18)x106 4.1(i‘4.2)x10-'3 0.9735
R\ 15 10 5.3(£0.30)x10% 1.2(#0.69)x1071 0.9936 .
I t - ¥ ]
| PCR 16 | 9 3.8(0.17)x10%  5.9(%0.22) ., 0.9972
! ) : e ¥
g PCR 16 9 6.7(¥0.56)x10° 7.5(%0.73) 0% 9899
!
\%
1
) lf . - 3
& w ‘{
t <
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Figure 5-13, Response of Triolein (N-13) in the SF770 detector
at 195 nm,
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Pigure 5-14. Response for Trjolein (N=13) and Trilinolein

(N=11) in the p.c.r. detector.
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' 0,20 1
. A1gs
0,101
»
NOISE y . . .
. 10 20 30 40
. AT, PL INJ, (WL, X 109
P , ® rigurs 5-15.Response of PC-dilinoleoyl (l + N=9) and PC-dilinolencyl (® ,N=10)
- in the UV detector, 195 nm,
e
. . \
j . 20.
) FLR, INT, )
e
’ . 107
. NOISE |- - RS -
’ - »
(’" ¥ - 10 20
- AMT. PL TN (MOLL X 209) ,
) ?igyre 5-16. Response of Pc-dlunolloyl {® , N=8) and
Pc-duinolnnoyl (m , u\-m) in the p.c,.r. detasctor.
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The. concentration range used in this study shows
the great sensitivity of the post-column reactor. Standards.

were characterized in the lower nanomole range.

¥

ey D BN
Evaluation of CSDL

The detection limits are presented in Table 5-10.

.

These valﬁes‘are inversely related to D, the chromatogfaphic ~
dilution factor and the values calculated for Table 5-10 were
based on eluting bands with k' values of between 5-15. The
most useful k' ranges are from 1-10 (1, page 69) and thus

these detection limits are realistic if not conservative

z

figures. One detector characteristic of interest and related

to improvement (deérease) in CD is the stability of the

SDL
detector baseline. The uv detector, at high sensitivity

B

settings, showed some drift. This drift is associated with

_ fundamental noise sources such as long term Fhermal fluctuations

I

and pressure changes. The p.c.r. detector on the other hand
showed no drift and was noise limited by higher freguency
noise. 3 ) .

;The CgDL data are expressﬁed‘ in units of molés/L and
correspond to the concentréﬁion of standard in tﬁe detector,
and not the amount iﬁﬁected being detectable and giving Ry of
twice the 20 noise. The use of concentration units is for
ready comparison of CgDL since the chromatographic dilution

factor is taken into account. The results indicate that the

p.c.r. detector is at least as sensitive as the UV detector
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Table 5-10: Detectlop Limits (CSDL

Triglycerides

N ~ uv © p-c:ix.

4 Trilaurin Cys 3x 1078 L
. s s -6 §
5 Trimnyristin C14 3x-10 4-5 x.10 7 !
. . -7 , ' ;
13 Triolein clB:l 2 x 10 - i
‘o . ~8

11 Trilinolein C18:2 2 x 10 |
, g

Phospholipids ‘

+ \

N PC- §
1 Dihexanoyl Ce -+ 2 x 1078 ;
3 Didecanoyl - - Cio 2 x\lO-6 ‘ ;

: . -7 ) -6 .
8 Diolein c18:1 2 x 10 1-2 x 10
. . -8
9 Dilinolein C18=2 . 8x 10 . . _
‘s X -8 . ‘
. R}
10 . Dilinolenin c18:3 _2 x 10 ., -
~ *Calculated as concenfiration of sample in the detector by ~_
\ - -
5 (VCS)(ZU noise) .
CSDL = (Flwbase)(ﬂ) where Y) Cs' FL and H are as previously

defined, 20 noise is the noise amplitude in response units

and Wbase is the signal base width in time units. v
. . - . . '
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for standards containing no double bonds. This is important

if both detectors are to be used simultaneously @as in the
use of* the value R“E‘nlrr for determining the double bond number
D
of a sample. #Zhe CSDL
from concentration to approximate amount of standard injected

data of Table 5-10 can be changed -

by multiplying the given values by 1 x 1073, the dilution
factoxr of the h.p.l.'c. While “the re‘sultant values are &
f’épprqximate, ythey show th;t thé p.c.r. detector, as r;lentionéd
_in the previous section, is qonserv;ntivgly sensitive to nano- - :
molar guantities of triglycerides and él;oépholipids. Th;
« ' p.c.r. used here is _appr,oxiniately 104 times more sensitive:
than the coni‘:inuoqné fl‘ow analyzers used in clinical chemistry

laboratories.

. uv .
) Evaluation of RRCR and RFlr,n .
The expfession for R;Xr (Egn. {5-30)) can also be -

-

expressed as:

1 u _ -1 : \
og RFlr = 2 log -D~b + Ca {(5-32) .
‘ : % . '

and predicts that the-ratio of log R;-"n]tr to log Dy, has a value

of 2. The values for'ﬂRg?L'r are summarized in Table 5-11. The
value d log R;‘{ r/dlong for triglyceride standards N 10 and
* ¢ 91 (3 and 6 double bonds, respectively) gave a value of 2.2.

. . uv . s . |
Evalué'tlon of sBFlr for pk}osphollgj.ds was done using |

‘ I
. '
C} ¢ : J

-
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Table 5-11: Detector response ratios for triglycerides.

1

Triglycerides

N

i
1

] 4 Trilaurin
5 Trimyristin
10 Tripalmitolein

\

11 Trilinolein

H

Phospholipids

",

N
/ . iy
3 P.C.—-dicaprinoyl
8 P.C.-dioleoyl
9 P.C.-dilinoleoyl

10 ~P.C.—dilinqlenoy1

Flr |
coefficient 0.9972).
' /

log ROY_ = 2.36 % 0177 log Dy - 0.64 ¥ 0,105 (correlation

uv :
Rpir n Py
0
0.06 £ 0.007 (15) .
0
[V
2.98 * 0.14- (15) L 3
- . . 1

13.58 * 1.03 (6) 6

e

. -

}

uv
RFlr n Db
s o L2
0.88 * 0.13 (4) 0 :
?

1.42 * 0.34 (4) 2
6.77 £ 1.67 (4) 4
14.70 * 1.86 (6) 6

-
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an alternative grapﬁipal method,,ggbtting the results of
'“‘\{Table- 5-11 in Fig. 5-17 and evaluating the relationships of
N : ,

log R;Zr bo]og'Db by linear-regression analysis. These results

are presented in Table 5-11.

The wvalue Rgzr is a parameter independent of the
5

concentration or chromatography of the system. This value
was investigated since it is of diagpostic value for
ebaluating the operation of the ﬁic.r. compared to the

commercially available UV detector. The results indicate
&

that the p.c.r. is aeting as a molar sensitive detector

__.—independent of thg/friglycerides‘of phospholipids molecular

o

species idéﬂéity. Furthermore, the relationship Egn. (5-32)

-

is important in using the UV and p.c.r. detectors together

for total lipid analyses. The correlation between log RV

Flr
and log Db' 2.21 and 2.36 for triglycefides and phospholipids,

\réspectively versus 2 predicted, is in contradiction with
previously reported (1ll) results, where a linear relationship
was shown without any.theoretical basis.

The standards used here were well suited for

1
1

deternination of R;XE since the§ were cqnjugéted alkenes.
The predictive value of R;Xr will have to be studied in
greater deail and for other standards before it can be

practically applied.

-~

The p.c.r. detector is ex§ECted to have RFlr n
r

independent of sample identity as long as the sample is

B
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triglyceride or phospholipid. The peak areas of four
triglycerides were>%$lculated and presented in Table 5-12.
The p.c.r. deiector is alse characterized as being relatively
selective for acyl-glycerldes or phosphoglycerides. )
Chromatograms presented in Flgs. 5-14 and 5-15 show the
difference in selectivity of the p.c.r. to the UVmge;ector.\

The data in Table 5-12 were predicted by the '
results for R:zr since, if RFlr is constant, this parameter
is analogous to melar absorptivity and preaicted by Egqn: (5-32).
The p.c.r. response RFlr' when reported as area, ie independent

of the chromatography® The data in Table 5-12 show withini

"experimental error that the p.c.r. gives the response that
was expected. Thus the detector gives‘the same response

for any triglyceride and half the response for phospholibids.

The chromatograms shown in Figs. 5-18 and 5-19 show the

seiectivity of the p.c.r. versus that of the UV detector.

The p.c.r. does not appreciably detect the solvent chloroform

and, in fact, is able to detect triglyceride ceaelutlng in .

the solvent band. Thus the p,c.r. beﬁaVes in everyﬁaspgbt
: g ‘ /
as ie was intended to. )

] Lt
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Table 5-12: Molar response (RFlr) of’ the PCR measured as area.

RO R T R

' N
‘*’ . . TRIGLYCERIDES . )
% L ' ’ . . . \ ‘
5 N g _ . R, {S.D.), n=6 \
4 4 Trilaurin «Cyg q 140 (%6)
: ;. °
s; ] s 3 ] * i- . v
%, °10 Tr}pﬁlmltolgln clB:lw 149 (*18)
13 Triolein " Cygi1 . 170 (%6) g
: / 14 Tripetroselinin- C18-1 T 152 (*25).
g ‘ mean 152 (%13)
o ° PHOSPHOLIPIDS )
N . | RFlr (S.D.),Yn=3
%, ‘ 3 Dicéaprinoyl ' CLQ 79 (%6)
3 ; & +
: 8 Dloleoy} , C18=l < 67_(_5)
9 Dilinoleoyl ' . C18=2 67 (£5) .
i e - e
10 Dlllnolenoy1\ C18:3 88 (%6) ’
" mean 75 (+10)
lMean'of n measurements (f 1 S.D. unit). - '?,
RF1r~Trig1yceride
R, Phospholipid ~ 2:9%+ ° . ,
. @ + 5 > N
T T . ” ) C, . . - W
Y ] B -~
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o I TIME.(MIN,): I
' - i « 4 ' . PP . o
L . ' s 9 N Y. . g - . . N . . . . g ui) K . .
P T ' ' Figure 5-18. h.p.l.c. of triglycerides Trigapris. °
A o o \, - (A 12,5 nmoles) , Trilaurin. . (B, 11.l nmoles) and B
: . 'i'ripalmitolem (C, 9.98 nmoles) using the SF770 at N
R ‘ .195 nm- (UV)- and the p.c.r. detector. .The difference .
' . ‘ in occurance of the responges is. due to the" dwell time -~ B
* o of the'p.c.x. S is the chloroform sahrent - L
@ L . . response and I’ refers to when sample was injected. S
* - . ) /L\ .
:W o S IR L S




i T A
£
—
»
3

Wﬂ
L
2

J

0 - 20 30 40
TIME “(MIN.) |

. Figure 5-19., h.p.l.c. of phospholipids, 5-pL of PL-I
mixture was injected and bands ard labelled with .
standard npumber N, S is the chloroform solvent, and I
represents where sample was injected.
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. ’ APPENDIX 5-A

‘The SF770 and FS970 detectors have the same &eéign

The bandpass (haif—height) was biven in .

v

of monochrometer.
TAble 5-3 as 5 nm. The calibration of both detectoxrs
monochrometers involved using wan atomic line source mercury

discharge pen lamp (pen—rayw. Quartz lamp, Ultra Violet Products,

Inc., San Gabriel, Ca.). as replacement for the deuterium
discharge 1ampl normally used with the detectors. The FS970
was calibrated by removing the low béndpass excitation filter
(used to eliminate'higher orders of the grating) and high
band pass emission filter. Because the FS970 is a fronta;l

fluorescence instrument the pen lamp radiation, after exiting

from the monochrometer, was directly detected.
\ ) \
The SF770 was calibrated by directly monitoring
the lamp current water on the front of the SF770 electronics

. P
When a line source was detected, the lamp current

module.
would decrease. This meter is normally used to judge the
total radiation throughput to the photomultipher tube.

Wavelengths were scanned by hand and are reported to

the neargs£ 0.5_ nm. \ ' >

The expected and measured “‘max) for the SF770 and ‘
FD970 are shown below in Table 5-A. The monochrometers are
Qwithin”“the expected. specifications for the bandpaés of these

units. . . ) - \
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gi : Table -5-A: Wavelength calibration of the SF770 and FS970.
: [: ’ ' ‘ ' -
o F \
; 3 .
; K - .Source Expected A(nm) Measured X (nm)
..SF770 Hg Lines \ 253.6 ~ 256.5
j‘\\\ ‘ ' : 289.4 292.0 L
i | . - ‘ 302.2 306.0 :
3 < M b
?\ ' ;o ‘ ! ) s i 4
/ _ FS970 Hg Lines 253.6 254.0 :
‘ 365.0 - 369.0 é
. “' 404.7 " ! .
R ‘ S 407-408* 3
. 7 407.8 :
) | f
| " 435,83 437-441 o
. I’ ‘\ ) \ 3
o 546 1 © -550.0 i
* ‘ \ € . . g -
9 hd
H ‘)
*Not resolved. .
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( o Claims to Originality

ptaa <Lt S

.

The research presented here had as its goal the develop-
.- ment of an h.p.l.c. detector Sp&CJ.f.‘.LC\ for trlglycer:l.des and
phospholipids. This,_ goal was attained, but the lcng—term

goal of a system foxr total lipid analysis awaits further

. development. | ‘(

P e LT

-

f :

. : -
: . - necessitate many inno ons. A list-of the innovations

» By their very nature, preliminary investigations often °

presented in this thesid] follows:

|\
1) The concert of correlating R;Zr to solute unsaturation and

PR I T

("1 . chromatographi¢ retention data. The present work lays a firm

foundation for implimenting further studies that nay result in

e frstonnes

a system for the positive identification of the individual

'
PREEIIRS

triglyceride or phospholipid species that are présent in a

[V

complex matrix. - - : |

; 2) Detailed studies on the reversed-phase h.p.l.c. retention {

of phospholipids using mobile phases compatible with low ?

wavelength ( 200 nm ) ultrav:.olet absorptz.on detectors.

This was a prerequlslte to the first claim, and also clar:.fied the ,

-

role of solute adsorption in the reversed-phase mode. L

3) 'Construction of a phosphorus-sensitive transport aetect\_or»b_;_r_ a
~. . modification of a commercial instrument. This detector was\nbvel

. — —
5 - a

and further illustrated the limitations of transport-type

detectors especia—ily ‘when de\atiing with non-volatile 6rganoph03phonxs

€ .

.
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- the Sawicki and Carnes method for aldehyde analysis.

- class of selective, sensitive, and rapid reagents. The

L Eac et iy Ll o

2715

compounds .

4) Construction bf a molar-sensitive E ogt~column reaction

detector selective for triglycerxrides and Ehosphollgids.

The entire unit was developed to be reliable and easy to use.
A reliable bubbler was also develoPe;ii The use of a ‘
fluorescence detector with the segmenting bubbles passing‘r
through the cell was also 1inovative. This detector should
find e;:tensive use in the field of triglyceride and

phospholipid analysis.

.«

5) A practical experimental«proti:col (the Stop~-Flow .

‘Optimization Scheme) for optimization of continuous flow

anaxlzzeré. This scheme is novel and should be of great aid

- In automated analysis.

6) Investications on the mechanism of tke Nash method ‘and

A

This represents a significant contribution to the field

of aldehyde analysis since the elucidation of the mechanism

of trese two reagents led to the develcpment of a totally new
P '

Fluorals -have the potential for superceding all other

aldehyde reagents now in use.

«

[,




