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CHAPTER I 

INTRODUCTION 

The stable isotopes of carbon, oxygen, nitrogen, and sulfur (ICONS) 

are useful tracers for many applications where the use of radioactive 

tracers would be undesirable (e.g., medical or environmental studies). 

The ICONS program at Los Alamos Scientific Laboratories was initiated 

to provide quantities of separated stable isotopes at a reasonable 

cost so the use of these isotopes could be assessed in a variety of 

research areas (1). 
13 . 

It was proposed that C, as depleted and/or 

enriched compounds, could be used to study organic compounds in natural 

water systems. A literature search revealed that procedures had not been 

delineated for the isotopic analysis of compounds that are randomly 

labeled by living organisms. Such compounds may be produced with a high 

stable isotope content. This is desirable since highly enriched compounds 

provide increased sensitivity for detecting the tracer. Consequently, 

the thrust of the project was directed towards the analysis of biosyn-

thetically labeled compounds. 

In recent years the supply of the stable isotope 13c has increased 

.dramatically (1,2). The resulting decrease in cost has stimulated the 

use of 13c as a label in chemical, biochemical and medical research. 

While most of the reported work has involved the production and/or use 

of specifically labeled compounds, there is increasing interest in the 

biosynthetic production of highly enriched compounds (3,4). Such 

1 
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13 
materials pose two analytical questions; i.e., the overall C content 

and the distribution of 13c in the molecules. 

Several analytical techniques may be used for 13c analysis. The 

. f . 12 ( ) 13 count1ng o prompt gamma rays from the react1ons C p,y N and 

13c(p,y) 14N has been used to assay 13c content (5,6). However, the 

method has a 20% variability and is most applicable to samples with a 

13 low C content. Infrared spectrometry has been used to measure the 

13c content of carbon monoxide (7), but this method is restricted to 

simple molecules or gases (e.g., co2 from combustion). 

Generally, mass spectrometry has been used to analyse stable iso-

topes, and in recent years, gas chromatography mass spectrometry (GC-MS) 

has come into increasing use (8-10). The selected ion monitoring (SIM) 

technique provides an accurate GC/MS measurement of isotope ratios (11). 

However, the SIM method may be subject to error when an analysis of 

large, highly-enriched molecules is required. So, spectral scans of 

the molecular ion region were used in the present study. This procedure 

13 
provided no information about the location of the C atoms; but, as 

seen in Chapter IV, the complete spectral scan did not provide that 

information either. 

S . 13 1 . 1 . . 1nce C nuc ear magnetlc resonances are extreme y sens1t1ve to 

the location of the 13c atom in a molecule (4), the technique was used 

to determine the label distribution. 

Because of their biological importance and because their mass 

spectra were well documented (see Chapter IV), fatty acid methyl esters 

(FAMEs) were selected as model compounds for this study. The standard 

notation is used to designate individual compounds; such that, the 18:2 
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FAME has a chain length of eighteen carbon atoms and contains two double 

bonds (methyl octadecadienoate). 

Biosynthesis is the preferred method of preparing a variety of fatty 

acids that are multiply labeled with 13c. Auxotrophic organisms require 

13 acetate, glucose or some other substrate as their source of C. Even 

if such a substrate had been available, the expense would have been pro-

hibitive. The autotrophic algae were selected for use in this study 

since the readily available carbon-13c dioxide could be used as the 

carbon source. 

Except as noted in the text, the data for this study is recorded 

in LA notebooks R-2361 and 18108. These notebooks are on file at the 

Report Library of Los Alamos Scientific Laboratories. 



CHAPTER II 

BIOSYNTHESIS OF 13c LABELED FATTY ACIDS 

Introduction 

The first consideration was to select a species of algae, and 

several factors had to be considered. A suitable fatty acid profile was 

necessary; i.e., the species should produce fatty acids of several 

chain lengths and several degrees of unsaturation. The blue-green algae 

Anabaena cylindrica, ~· flos-aquae, Spirulina platensis (12), Agmenellum 

quadruplicatum, Plectonema ~erebrans, Oscillatoria williamsii (13), 

Lyngbya aestuiri, Chroococcus turgidus (14), Nostoc muscorum, and 

Chloragloea fritschii (15) all qualify. This requirement would also be 

met by most of the green algae; for example, Bracteacoccus minor, 

Chlorella vulgaris,~· fusia (16), ~· ellipsoidea (17), Coelastrum 

microsporum, Scenedesmus quadricauda, and Chlorella pyrenoidosa (14). 

The selected species should also be easy to cultivate and have a 

high growth rate. Of the numerous possibilities Chlorella pyrenoidosa 

is outstanding in both characteristics (18-20). Also, a high tempera

ture strain (Tx71105) which has a high rate of grovlth has been isolated 

(21-23). Experimentally, the high culture temperature (37-39°C) is much 

easier to maintain, since only part of the heat from light sources must 

be dissipated. The growth inferred here is an increase in the number 

of cells per unit volume, rather than an increase in cell size. Of 

4 
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course, in a continuous culture both processes proceed concurrently. 

In the preparation of labeled compounds an important consideration 

is the efficiency of converting a labeled substrate into the desired 

compound(s). For biosynthesis with algae this is a two part considera

tion; namely, the percent of the supplied carbon that is incorporated 

into cellular material and the percent of fatty acids in the cellular 

material. It has been shown that over 70% of the carbon supplied as 

carbon dioxide is converted into cellular material by Chlorella 

pyrenoidosa (24). 

The amount of fatty acids in the cellular material correlates with 

the amount of total lipid and depends on environmental conditions (25). 

_g_. pyrenoidosa grown in a medium with low nitrogen concentration have 

a higher ~..reight percent of lipid (26, 27). It was also found that lipid 

accumulation was favored when nitrogen was supplied as ammonium rather 

than nitrate (26). Under low nitrogen conditions high light intensity 

favors the accumulation of lipid (26). This is likely due, at least 

in part, to the inhibitory effect of light on cell division (23). Also, 

C. pyrenoidosa produce more lipid with increasing age of the culture 

(26,27). 

The fatty acid composition is dep.endent on the stage of growth and 

environmental conditions. In a synchronous culture of C. pyrenoidosa 

the amount of 16:0 and 18:2 fatty acids show a marked increase as the 

growth cycle proceeds toward cell division (28). Polyunsaturated fatty 

acids predominate in Chlorella grown in high-nitrogen medium, whereas 

16:0 and 18:1 fatty acids are preferentially produced in low-nitrogen 

medium (16,26). As the culture temperature is increased from 22°C to 

38°C Chlorella fatty acids show a decrease in the number of double bonds 
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per molecule and show a lower average chain length (29). 

Culture Procedures and Results 

Culture Medium 

All algae production experiments were carried out aseptically in 

a culture medium similar to media used previously for grow·ing Chlorella 

pyrenoidosa (24,30). The various nutrient concentrations are given 

in Table I for the three media used. In all experiments carbon dioxide 

was the carbon source. The high nitrogen concentration in these media 

will produce a relatively low percent of cellular lipid, however the 

growth of the algae is much faster than with lower nitrogen concentra

tions so more lipid is produced in a shorter time (25,27). 

Cell Culture in a Fermentor 

Initially, an effort was made to produce algae in a New Brunswick 

CF-250 Fermacell fermentor. The Fermacell fermentor has a stainless 

steel vessel, so an internal light source was necessary. Figure 1 

shows a sketch of the light source that was constructed for these 

experiments. The light source was designed by C. T. Gregg and con

structed by the Shops Department of Los Alamos Scientific Laboratories. 

The discharge lamps are 250 watt General Electric Lucalox lamps 

(LU 250/BD). The three lamps were wired individually, so any one or 

any combination could be turned on as desired. At a distance of eleven 

inches each lamp produced a light intensity of 16,000 lux. The lamp 

ballasts were controlled by a powerstat, so the intensity of each lamp 

could be controlled between 16,000 lux and 2000 lux. 
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TABLE I 

NUTRIENT CONCENTRATIONS IN CULTURE HEDIA 

Hedium A* Hedium B~~ Hedium C** 

KN03 1.4 g/1 9.1 g/1 1.0 g/1 

KHl04 2.5 3.0 

K2HP04 .25 

Mgso4.7H20 5.0 5.7 .25 

CaC12 .022 .034 .010 

NaC1 2.0 2.0 .010 

FeC13.6H2o -3 -2 
2.4xl0 1.9x10 

-3 
Iron Ammonium Citrate 5.0x10 

-3 -3 -3 
H3Bo3 2.9x10 5.7x10 2.9x10 

-3 -3 
MnC12.4H20 1.8x10 3.6x10 

-3 
Mnso4 1. 5x10 

-4 -4 -4 
Znso4.7H20 2.2x10 4.4x10 2.2x10 

-5 -4 -5 
_cuso 4 . 5H2 o 7.9x10 1. 6x10 7.5x10 

-5 -5 
Na2Mo04.2H20 3.2x10 6.4x10 

-6 
(NH4) 6Mo 7o24 .6H20 1. 8x10 

-5 -4 
KCr(so4) 2.12H20 9.8x 10 2.0x10 

~5 -5 
NH4vo3 2.3x10 4.6x10 

-5 -5 
Nawo4.2H2o 1.8x10 3.6x10 

-5 -5 
NiS04 .6H20 4.5x10 9.0x10 

-5 -4 
KTi(C2o4) 2.2H20 7.4x10 1.5x10 

-5 -4 
Co(N03) 2 .6H20 5.0x10 1.0x10 

KOH .28 .56 

EDTA .50 1.0 

* Ref. (30) 

** Ref. (24) 
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Agar slants of Chlorella ~noidosa (high temperature strain 

Tx-71105) were obtained from the Starr Collection, Department of Botany, 

Indiana University, Bloomington, Indiana. These slants were used to 

inoculate a 500 ml spinner flask. After about seven days of growth, 

the spinner flask was used to inoculate a fresh spinner flask and a 14 

liter New Brunswick MF-114 Microferm fermentor. After 7 to 14 days of 

growth this small fermentor was used to inoculate the Fermacell fermen

tor. Standard fluorescent (cool white) and incandescent lamps were 

used to provide light for the spinner flasks and the Microferm fermentor. 

Little or no growth was observed in the Fermacell fermentor whether 

using medium A, B or C. Cells in solution clumped badly and cells 

became caked on the light source, and on vessel walls and agitation 

baffles near the light source. Therefore, experiments with the fermen

tor were discontinued. 

Cell Culture in a Polycarbonate Growth Chamber 

The polycarbonate culture chamber (Figure 2) was designed by 

V. H. Kollman and built by the Shops Department of Los Alamos Scien

tific Laboratories. It is analogous to the lucite growth chamber 

described previously (24). The box was half-filled (20 liters) with 

medium and oscillated horizontally at 28 cpm. The curved ends of the 

box produced enough wave action to wash all interior surfaces. This 

insured uniform distribution of nutrients, aided temperature control 

and maximized cell exposure to light in dense cultures. 

Light was provided by very high-intensity natural-outdoor fluores

cent lamps (Sylvania) mounted above and below the culture box. Only 

one lamp was used to start each batch, and then additional lamps were 
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turned on until the light intensity was 70,000 lux at the surface of the 

box. The heat produced by the lamps was dissipated by fans externally 

and by cooling coils internally. A temperature controller operated a 

solenoid valve which regulated the flow of ethanol-water coolant (at 0°C) 

0 from a refrigerated bath to maintain the medium temperature (37 C). 

A pH controller automatically added carbon dioxide to maintain the 

pH. When nitrate (rather than ammonium) was used as the nitrogen source, 

C02 fixation caused an increase in pH. 1Vhen the pH reached 7.4 carbon 

dioxide was added until the pH of the medium was reduced to 7.2. Excess 

gas was vented through gas-washing bottles filled with sodium hydroxide 

in order to recover unused carbon-13c dioxide. 

The C. pyrenoidosa culture was started in a small spinner flask as 

described in the previous section. The small spinner flask was used to 

inoculate a large spinner flask (2 liter) which in turn was used to 

inculate the culture box. Medium C was used throughout this procedure. 

Since optical density is a linear function of the number of cells per 

volume (31), cell growth was monitored by measuring the absorbance at 

550 nm (A550 ) on a Bausch and Lomb Spectronic 20 spectrophotometer. 

Several batches of algae were grown with natural abundance carbon 

dioxide using the polycarbonate culture chamber. The first batch was 

inoculated from a spinner flask, and successive batches were inculated 

by leaving about two liters of algal suspension in the culture chamber 

at the time of harvest (LA notebook R-2538, pp. 6-21). The inoculum 

13 
for the batch grown on carbon- C dioxide had an A550 of 5.11 au. As 

seen in Figures 3 and 4 there was a period of exponential growth 

followed by a period of nearly linear growth. This behavior is char-

acteristic of cultures that change from light-saturated growth to 



12 

0 10 20 30 40 50 60 70 
Time in Hours 

Figure 3. Algal Growth Curve 



10.0 

8.0 

6.0 

4.0 

2.0 

0 
~ 1.0 

< 
.8 

.6 

.4 

.2 

. 1 

• 

0 

13 

• • 
• 

10 20 30 40 50 60 70 
Time. in Hours 

Figure 4. Semi-logarithmic Plot of Algal Growth 



14 

light-limited growth as the optical density of the culture increases 

(32). For the purposes of this study the period of slower growth was 

beneficial since older cells have a higher lipid content (26,27). 

Based on the initial and final absorbance values, the growth of this 

13c-enriched batch progressed through 5.0 generations. During exponen-

tial growth the cell generation (doubling) time was 9.6 hours. 

In order to minimize the various processes (respiration, autoxida-

tion, etc.) that might affect the fatty acid composition, the algae were 

harvested directly into 24 liters of 2 N saline and ice. The cells were 

separated from this solution by centrifugation using a Sharples Model 

16 open-type continuous-flow supercentrifuge. The temperature after 

0 centrifuging was 4 C. The cells were frozen, lyophilized and stored at 

-20°C. The harvest produced 2.6 g (dry weight) of cells per liter of 

medium. 

The 13c content of the administered carbon-13c dioxide was 91.2 

mol% (LA notebook R-2538, p. 19). 13 
The C content of the cells was 

82.7 + .4 mol% (LA notebook R-2538, p. 20). 



CHAPTER III 

ISOLATION OF PURE FATTY ACID METHYL 

ESTERS FROM ALGAE 

Extraction of Lipids 

Evaluation of Extraction Methods 

Although many solvents and solvent systems have been used to ex-

tract lipids from algae, 2:1 (v/v) chloroform/methanol is the solvent 

system used most often. When any justification is offered, the work of 

Folch, Lees and Sloane-Stanley (33) and/or Bligh and Dyer (34) is 

usually cited. However, these investigators did their work with animal 

tissues. While chloroform/methanol extracts more lipid from algae than 

other solvents (35), particularly nonpolar solvents (36), reports on 

the completeness of lipid extraction* are not in agreement. Gellerman 

and Schlenk (35) report that treatment of extracted cells (Ochromonas 

danica,) with alkali "released an additional amount of fatty acids 

equal to that obtained via the initial extraction." However, Chuecas 

and Riley (36) used the same method to evaluate the completeness 

of extraction and obtained a quantitative extraction of "a composite 

* Fatty acid content was used as a measure of the amount of lipid 
extracted. 

15 
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sample of phytoplankton" by repeated extraction until the extract became 

colorless. Nichols and Appleby (37) report that chloroform/methanol 

extracted 75 percent of the total lipids from Monodus subterraneus, 

as compared to treating the extracted cells with 6 ~ HCl and again 

extracting with the same solvent. However, it is true that the ease 

with which lipids are extracted depends on the particular species. 

Lipid extraction is particularly difficult from Cyanidium caldarium 

(38), Chlorella pyrenoidosa (25,39), Achromonas danica (35), and 

Monodus subterraneus (37). Not only does the extracting solvent effect 

the amount of lipid,* but using a nonpolar ~ a polar solvent may alter 

the fatty acid range and even alter which fatty acids are major com-

ponents (36). 

One way of improving the speed and completeness of extraction is 

to mechanically break the cell walls by grinding, homogenizing, or 

sonicating. However, if the lipids are to be separated into classes 

prior to fatty acid analysis, this procedure is not recommended. Allen, 

Good and Holton (38) report finding "appreciable quantities of lysolipids 

and fatty acids indicative of enzymatic degradation" when homogenization 

was used. 

An alternative to lipid extraction is to heat the wet cells with a 

KOH/methanol/water solution to directly saponify the lipids. However, 

even this does not assure complete removal of fatty. acids from some 

algae, notably Chlorella (40,41). Besides, the use of concentrated base 

and/or prolonged heating poses the danger of isomerizing polyunsaturated 

;'c 
Fatty acid content was used as a measure of the amount of lipid 
e:;x:,t:rac ted. 
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acids (42). 

It must be concluded that no one extraction procedure has been 

shown to be generally applicable. Therefore, each worker is obliged to 

determine the procedure best suited to the species studied and to the 

purpose of the investigation. 

Algae Extraction 

As noted above, the extraction of lipids from Chlorella is difficult 

so exhaustive extraction in a Soxhlet apparatus was used. A chloroform-

methanol mixture was selected as solvent, since it has been shown to be 

the best solvent for several classes of lipids (43,44). A chloroform-

methanol ratio of 3.5:1 (by volume) was used since this azeotropic com-

position has a lm..:r boiling point (45). In order to further reduce the 

extraction temperature, the apparatus in Figure 5 was designed. All 

standard taper joints were Clear-Seal~joints (Wheaton Scientific) or 

had teflon sleeves, so the extraction could be carried out at a reduced 

pressure. Thus, the maximum temperature during extraction was 40°C. 

The condenser design combines high-flux capacity in the lower 

portion with high efficiency in the upper portion. A refrigerated bath 

supplied water (10°C) to the condenser. The three-way teflon stopcock 

was connected to a vacuum controller (Conodyne Corporation Model H20LV) 

through one arm and a nitrogen supply through the other arm. At the 

beginning of an extraction the pressure was reduced and the apparatus 

back-filled with nitrogen several times to establish an inert atmos-

phere. The reflux temperature was set by adjusting the vacuum con-

troller. The boiling flask was heated with a water bath. 
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An extraction of 3.4 g of natural abundance Chlorella yielded 20.1% 

lipid. 13 . . 
An extraction of 3.2 g of C-enr1ched Chlorella y1elded 21.8% 

lipid. No attempt was made to determine the percent of fatty acids. 

The natural abundance extract was used to develop the separation methods 

described later. 

Esterification 

Workers in the area of algal lipids have shown a decided preference 

for the use of diazomethane in the preparation of methyl ester deriva-

tives of fatty acids. This is doubtless because the reaction is quite 

rapid in ether solution. As described by Schlenk and Gellerman (46), 

this method is quantitative, does not produce artifacts, and does not 

require aqueous extractions for the removal of reagents. The explosion 

and toxicity hazards are minimal when this procedure is used for small-

scale preparations. It has been shown that there is no significant 

loss of polyunsaturated acids during esterification with diazomethane 

(47). While the esterification step is fast, it must be preceded by 

a saponification process which is time-consuming (48). 

A second widely used esterification method involves boron trifluo-

ride as a_catalyst. A 12 to 14% solution of BF3 in methanol completely 

esterifies fatty acids in 2 minutes _(4Y). The procedure of Metcalfe, 

Schmitz and Pelka (50) has-received the approval of the Instrumental 

Committee of the_American Oil Chemists Society (51). However, it has 

been repor~ed that aged reagent, a prolonged reaction time, or a high 
/ 

BF.,- concentration (e.g., 50%) produces artifacts (48,52,53). Lough (54) 
_/ J 

identified the artifact from the methylation of oleic acid as a methoxyl 
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substituted ester. Since the reaction time is relatively long (e.g., 

25 min for triglycerides) for the transesterification procedure of 

Morrison and Smith (53), artifact production is more likely, and this 

procedure has received little acceptance. Consequently, a saponification 

process must precede the use of BF3 in methanol. 

Since saponif.ica.tion poses the danger of double bond isomerization 

in polyunsaturated acids (42), a transesterification procedure was deemed 

more desirable than either of the above methods. Either 1 to 2% sulfuric 

acid or 5% hydrochloric acid in anhydrous methanol can be used to trans

esterify lipids without producing artifacts (48). Several workers have 

used 2,2-dimethoxypropane to scavenge water, and hence assure a quanti

tative reaction (55-57). 

In this study a modification of the procedure of Mason and Waller 

(56) was used for up to 100 mg of lipid. To each lipid sample was 

added: 

4.0 ml benzene (AR, dried over sodium) 

0.1 ml 2,2-dimethoxypropane (Dow Chemical Company, 

redistilled) 

0.5 ml 3% HCl in Lipopure methanol (Applied Science 

Laboratories) 

After sitting overnight at room temperature, the solvent and HCl were 

removed under a stream of nitrogen. The residue was dissolved in 

carbon disulfide for analysis by gas chromatography. 

Autoxidation 

In the extraction and subsequent handling of lipids and fatty 
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acids care must be taken to avoid loss of polyunsaturated acids due to 

autoxidation, i.e., oxidation by atmospheric oxygen (58). In order to 

increase the length of the induction period and to decrease the rate of 

oxidation, the temperature should be kept low and exposure to oxygen 

should be minimized (59,60). Autoxidation has been discussed in depth 

by Scott (61). 

While it is best to minimize the time between extraction and 

analysis, sample storage is sometimes necessary. In which case, the 

samples should be kept in the cold either in a petroleum ether solution 

under nitrogen (35, 62-64) or in vacuum-sealed vials (35). Several 

workers advise adding antioxidants to the solvents used (36,37,65). 

In accordance with the observation of others (36,60), no loss of 

polyunsaturated acids was observed prior to separation from.the naturally 

occurring antioxidants in the crude extract. Individual FAME were 

purified as near the time of analysis as practicable, and stored under 

nitrogen until analysis. 

High-Performance Liquid Chromatography 

Introduction 

Only a few years ago, liquid chromatography was used for analysis 

as a last resort. While the method was potentially applicable to any 

liquid or solid mixture, it required considerable time, had low repro

ducibility and inadequate monitors for the column effluent. Today, 

high-performance liquid chromatography (HPLC) is the method of choice 

for a wide range of separation problems. This renaissance has been the 



result of concomitant advancements in three areas: column packing 

materials, instrumentation and detectors. 
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Column efficiency in all modes of liquid chromatography (absorp

tion, liquid partition, ion exchange and gel permeation) has increased 

dramatically as a result of three developments in column packing mater

ials. First, surface coated (pellicular) packings were developed to 

provide faster mass transfer (66-68). These packings have an "active" 

layer on the surface of a solid bead. So the diffusion path in the 

pores of the packing material is much shorter, and equilibrium of the 

solute between the mobile phase and the stationary phase is more rapid. 

This rapid equilibration minimizes band spreading and greatly increases 

column efficiency. However, since these packings have a very limited 

surface area, they have a small sample capacity. 

A second development in packing materials was very small, totally 

porous beads having diameters of less than 50 llm (69). Columns packed 

with microspheres of 5- and 10-l-tm-diam particles are now commercially 

available (70). Not only are these microspheres at least 10 times more 

efficient than pellicular packings, but their surface area is up to 

100 times greater (71,72). This increased surface area provides efficient 

separation of much larger samples. 

The third major advance in packing materials was the development 

of chemically bonded stationary phases (73-75). These packings are 

prepared by allowing an alcohol or alkoxysilane to react with the sur

face of a pellicular or microsphere packing material. By incorporating 

various functional groups it is possible to obtain a wide range of 

polarity for the stationary phase. The most common functional groups 
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are sulfonate, amino, cyano, phenyl and octadecyl (in order of decreas-

ing polarity). These packings are used with solvents ranging in polarity 

from water to fluorocarbons for both normal and reversed phase separa-

tions. In a reversed phase separation the mobile phase is more polar 

than the stationary phase. 

Inherently, a narrow-bore column packed with one of the small-

diameter packings has a high resistance to flow, so a 1000- to 5000-psi 

pump is necessary to obtain an adequate flow rate (76,77). Several 

types of pumps have been developed for HPLC (78,79), but the small 

displacement, reciprocating pumps have several advantages. First, they 

provide a continuous flow of solvent without stopping for a periodic 

refill as is required for a syringe pump. This is significant in 

preparative separations. Second, a continuous- or step-gradient may be 

produced in the solvent reservoir that feeds the pump. Third, the 

problem of gas bubbles in the detector cells is minimized, since a 

pressurized gas does not interface with the solvent. Also, the positive 

displacement of a piston pump makes it possible to easily reproduce 

flow rates from one day to the next. Finally, with a small-displacement 

piston pump, it is possible to accomplish difficult separations by the 

* recycle technique. 

A number of detectors have been developed (81), but the differen-

tial refractometer (~RI detector) and the ultraviolet absorption detector 

are considered standard equipment with most HPLC systems. Both detectors 

have small cell volumes (2 10 ~1), are convenient to use, and are 

," 
In the recycle technique the eluent emerging from the detector is re-
turned to the pump and again through the column (80). This effectively 
increases the column length without increasing back pressure and with
out investing in additional columns. 
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moderate in cost. Typically, a 6RI detector has a full-scale sensitivity 

-5 
of 6RI = lxlO , and a UV detector has a full-scale sensitivity of 0.1 

o.d. unit. The combination of sensitivity and small cell volume give a 

-6 ,_8 
detection limit of about 10 grams for the 6RI detector and about 10 

grams for the UV detector (82). On the other hand, by using large col-

umns and attenuating the detectors, samples of several grams may be mon-

itored and fractions collected. While each detector suffers the dis-

advantage of not responding equally to various components, dual UV-6RI 

detection can successfully monitor components of a very complex mixture 

(83). Recently, the use of the fluorescence and variable wavelength 

detectors has increased significantly. 

Since a narrow-bore column filled with microspheres has a small 

interstitial volume, HPLC provides very rapid analysis. m1ereas thin-

layer and column chromatography have relatively long separation times 

(thirty minutes to days), HPLC separations usually require less than 

thirty minutes. The separation conditions of those methods are a use-

ful guide in choosing the conditions for HPLC (84). While separations 

are developed on an analytical scale, the separation may be scaled up 

to achieve the same degree of resolution for preparative work (83). 

_Theory 

A separation may be evaluated by determining the resolution between 

two compo':lents. As shown in Fi,gure 6, resolution is usually defined 

as the distance between the peak centers divided by the average base 

width of the peaks. From this simple concept of resolution may be 

derived an equation that relates resolution to the three fundamental 

/ 
/ 
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parameters of a chromatographic separation (85); namely, 

- ().- 1 2 
( )( K' ) 

R = 1/4 IN a 1 + Kz 

The three parameters are defined in Figure 7, where V is the void volume 
0 

of the system. The number of theoretical plates, N, indicates the 

column efficiency, which is determined by the physical characteristics 

of the packing material and the solvent (86). Pellicular packings will 

typically produce 3000 theoretical plates/meter, while microspheres 

can attain efficiencies of 10,000 theoretical plates/25cm (72). The 

selectivity, a, depends on the chemical interactions between the solute 

and the two chromatographic phases (87). The retention, K', (or capacity 

factor) is a measure of the rate of migration and is determined by the 

partitioning between the mobile phase and the stationary phase. Figure 

8 illustrates the effect these parameters have on resolution. 

Since the height equivalent to a theoretical plate (HETP = N/column 

length) is a function of the linear velocity (~) of the mobile phase, 

there is a trade-off between column efficiency and separation speed. The 

van Deemter plot in Figure 9 diagrams this trade-off for both gas and 

liquid chromatography (88). In the van Deemter equation 

HETP = A + B/~ + C~ 

the A term is a measure of eddy diffusion, the B/~ term is the result 

of molecular diffusion of the solute in the mobile phase, and the C~ 

term is the consequence of slow mass transfer of solute between the 

mobile and stationary phases. For HPLC the molecular diffusion term 
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is usually negligible (89). Empirically, it has been shown that for the 

mass transfer term the linear velocity has an exponent (90). So, for 

HPLC the van Deemter equation reduces to 

HETP 

where n < 1. The value of n ranges from .50 to .75 for porous particles 

smaller than 40 ~m (91). 

The practical result of this equation is very low HETP values, 

limited by eddy diffusion. Thus, the column has a high efficiency; i.e., 

a large number of theoretical plates. Also, the-linear velocity can 

vary over a rather wide range with only a small sacrifice in efficiency. 

So HPLC is normally performed at a linear velocity well above that 

of maximum efficiency (~ ). For example, v for a vBondapak-c18 opt opt 

column (water/acetonitrile mobile phase) corresponds to a flow rate of 

about 0.2 ml/min (92), whereas the normal operating flow rate is 1-2 

ml/min. At this v the column exhibits an HETP of about .03 mm (92). 
opt 

FAMEs for GC/HS Analysis 

The.solvents used in this section were analytical reagent grade 

and were used without further purification except for hexane. Hexane 

from several sources exhibited significant UV absorption. The UV-

absorbing impurities were removed by passing the hexane through a 3 x 

20 em column filled with 200 mesh silica gel (HC/B, activated at 220°C). 

Pesticide grade hexane from HC/B was free of UV-absorbing impurities. 
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Reference FAMEs (99+% pure) were obtained from Applied Science 

Laboratories. 

All of the columns shown in Table II were evaluated for FAME 

purification. Only the first six will be discussed in this section. 

0 
Except for the Poragel 60A column these columns were dry packed using 

the tap-fill method (93). Frits having a 10 ]lm porosity were used to 

0 
hold the packing material in place. The Poragel 60A column was obtained 

prepacked. The Vydac CX column was converted to the silver form by pump-

ing 100 ml of 0.01 ~ AgN03 through the column. Distilled water was then 

pumped through the column until the effluent rema'ined clear when HCl was 

added. 

The work reported in this section was performed on a Chromatec 

Model 3100 liquid chromatograph with a differential refractometer 

(Waters Associates Model 401) connected to the outlet of the UV detector 

(254 nm). For analytical samples a stop flow/septum injection system 

was used, and for preparative samples a valve loop injector was used. 

The pump was a reciprocating piston type rated at 1000 psi. The flow 

rate was controlled by adjusting both the pump stroke frequency and 

stroke length. 

The pump system was modified in three ways. As an aid for trouble-

shooting, a pressure gauge was inserted between the pump and injector. 

The 1/4 inch stainless steel tubing connecting the solvent reservoir to 

the pump was replaced with 1/8 inch tubing (2 mm i.d.) to permit faster 

solvent change-over. The rubber ring-seal of the piston seal assembly 

was removed so that only teflon and stainless steel were in contact with 

the solvent. This permitted chloronated solvents to be used. 



Packing Material 

Name 

1. Vydac Reverse 
Phase 

2. Permaphase-ETH 

0 
3. Poragel 60A 

4. Porasil T 

5. Corasil I 

6. Vydac CX 

7. Fatty Acid 
Analysis 

8. Porasil A 

9. ]JBondapak-Cl8 

10. ]JBondapak-Cl8 

TABLE II 

HPLC COLUHNS 

Column Dimensions 

Type Length(cm) 

octadecyl bonded 61 
to pellicular silica 

ether bonded to 61 
pellicular silica 

styrene/divinyl 
benzene copolymer 

porous silica 

pellicular silica 

pellicular strong 
cation exchange 

(proprietary) 

porous silica 

octadecyl bonded 
to porous silica 

octadecyl bonded 
to porous silica 

122 

61 

61 

30 

122+122* 

30 

30 

i. d. (mm) 

2.1 

2.1 

7.0 

2.1 

3.0 

3.0 

3.9 

7.8 

3.9 

7.8 

* Two columns connected with a low dead-volume connector. 

32 

Particle 
Size ( JJID) 

30-44 

30 

37-75 

25-37 

37-50 

10 

37-75 

10 

10 
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The pump system imposed several restrictions on the HPLC experiments. 

Since there was no pulse damping devise, "pump noise" limited the L'IRI de

tector to its less sensitive settings. The flow rate was sensitive to 

back pressure changes caused by a solvent change or even a change in room 

temperature. Only a small part of the rather large cylinder volume 

(~ 2 ml) was displaced by each piston stroke, and there was a relatively 

large volume between the solvent reservoir and the injection system. 

This precluded use of the recycle technique and use of gradient elution. 

Separation Methods 

The first type of separation required is to separate the FAMEs 

from the crude lipid extract. Results from thin-layer and column 

chromatography have shown that absorption on silica is an effective 

method for this separation (35,94-98). The principles of absorption 

chromatography have been discussed in depth by Snyder (99). As was 

discussed earlier, pellicular packings provide high efficiency but have 

a limited sample capacity. So, a column of totally porous silica 

(Porasil T) was connected in series with a column of pellicular silica 

(Coracil I). The Porasil T column provides the capacity for a prelimi

nary separation of up to 20 mg of crude lipid extract. The Corasil I 

column then provides a rapid final separation. The benefit of using a 

porous packing in series with a pellicular packing has been demonstrated 

(100). For a mobil phase of hexane/chloroform (95/5) the FAMEs have a 

K' of about 1, as seen in Figure 10. Most of the pigments were adsorbed 

strongly on the silica and were flushed from the column with chloroform. 
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The second type of separation required is much more difficult 

than the first; namely, the isolation of pure, individual FAME. 

Since the FAME mixture varies in chain length and degree of unsatura-

tion, and even contains some methyl substituted FAME, it represents a 

virtual continuum of chemical and physical properties. Preparative gas-

liquid chromatography (GLC) cannot adequately separate the components 

of a complex FAJ1E mixture. For example, Korn (101) was able to obtain 

29 peaks by GLC of the total fatty acid esters of Euglena gracilis, 

but by using other fractionation techniques and structure analysis in 

combination with GLC he identified 51 fatty acid esters. So, the FAME 

mixture requires some form of preliminary separation prior to GC/MS 

analysis. 

GLC analysis of fractions collected during the separation of the 

crude lipid extract indicated some fractionation of the FM1E mixture 

according to the degree of unsaturation. So the FM1E mixture was 

chromatographed using a mobile phase of hexane/chloroform (99/1). As 

seen in Figure 11 a significant fractionation was obtained. However, 

since recycle was not possible, the silica columns could not provide 

the necessary preliminary separation of the FAME mixture. 

The separation of small molecules by gel permeation chromatography 

has been reported for Bio-Beads and Sephadex I:.H-20 (102,103) and for 

0 
Poragel (104,105). A Poragel 60A column (see Table II) was evaluated 

with tetrahydrofuran, chloroform and toluene as the mobile phase. A 

small degree of fractionation by chain length was observed. However, 

several more columns plus recycle would have been necessary to achieve 

a useful preliminary separation. 
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Reverse phase, liquid-liquid chromatography has been used to 

separate FAMEs. Two approaches have been used. Some workers have used 

a solid stationary phase such as powdered rubber (106,107) or hydro

phobic Sephadex (108). These materials concentrate the nonpolar compon

ent of the mobile phase to form a lipophilic gel. The FAMEs are parti

tioned between the gel and the polar mobile phase. Alternatively, a 

liquid stationary phase such as hexane (109) or silicone oil (35,110) 

can be coated on a solid support. A polar mobile phase such as methanol/ 

water or acetonitrile/water is used with such columns. These later 

columns are analogous to HPLC packings having chemically bonded sta

tionary phases. Of course, the pellicular packings have a much higher 

efficiency. Using methanol/water as the mobile phase, an attempt \vas 

made to separate various FM1ES on a Vydac Reverse Phase column and a 

Permaphase-ETH column. A satisfactory separation was not found at that 

time, however. As will be seen later in this chapter, reverse-phase 

HPLC proved to be the method of choice for the preparative separation 

of a FAME mixture. 

The well known complex formed between silver ion and unsaturated 

compounds is the basis of argentation chromatography. In this technique 

the absorbent (silica, silicic acid or Kiesilgel) is modified by the 

addition of silver nitrate, which retards the migration of unsaturated 

FAMEs (111). The resulting separation is based on the degree of un

saturation irrespective of chain length (112). The separation of 

isomers is possible, since the silver complexes with cis-isomers are 

more stable than those with trans-isomers (113). Positional isomers 

may also be separated (114). 
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Ion exchange resins have also been used as a support for silver ions. 

Such columns can be used to separate cis- and trans-isomers (llS), as well 

as to separate mixtures according to the degree of unsaturation (116). 

An advantage of this approach is that polar solvents may be used without 

leaching silver from the column. Because of the high efficiency of 

pellicular ion exchange packings this method appeared promising. So a 

Vydac CX column (see Table II) was converted to the silver form, and a 

number of solvent systems were evaluated for use in separating a FAME 

mixture. The results from several useful solvent systems are sho'vn in 

Table III. 

TABLE III 

RETENTION OF FAMES ON VYDAC CX-AG+ COLUMN 

K' values for FAMEs 

Mobile Phase saturated monoene diene triene 

hexane/chloroform, 9/1 .24 .61 1.1* NE 

chloroform .08 .16 .6S r-.Jl, 6* 

chloroform/acetone, 9/1 .OS .13 .38 rv2.0* 

chloroform/methanol, 9S/S <.OS <.OS .22 .41 

* indicates incomplete elution and considerable tailing. 
NE indicates that this FAME is not eluted by this mobile phase. 

To accomplish a separation for a complex FAME mixture, first the 

trienes w·ere separated using chloroform/methanol (95/5) as a mobile 
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phase. The other FM1Es were collected near the solvent front. Next, 

the dienes were separated using chloroform as the mobile phase. Finally, 

the monoenes were separated from the saturates using a mobile phase of 

hexane/chloroform (9/1). Since Chlorella pyrenoidosa produce prin1ar:Uy 

16- and 18-carbon chain fatty acids, this argentation separation produces 

pairs of FAMEs. As will be discussed later, the monoene fraction con

tained a methyl substituted FAME which co-chrornatographed with the 16:1 

FAME. These separations provided 5 to 50 micrograms of FAMEs in each 

fraction. 

FAMEs for CMR Analysis 

Instruments and Supplies 

The solvents used for the separation in this section were all 

"distilled in glass" solvents from Burdick & Jackson Laboratories. 

Before use the solvents were filtered through a 0.45 ~m pore-size filter 

in an all-glass filter apparatus from the Millipore Corporation. 

Reference FAMEs (99+% pure) were obtained from Applied Science Lab-

oratories. 

The colunllls used in this section were obtained prepacked from 

Waters Associates, and are colunllls seven through ten described in 

Table II. 

Two types of chromatographs were used. Work with the fatty acid 

analysis column was performed on a Waters Associates Model ALC/GPC-202/ 

R-401 with a Hodel 6000 pump. All other separations were performed on 

a Waters Associates Model ALC/GPC-·244 with a Model 6000A solvent 

delivery system and a Model 660 solvent progranm1er. Both instruments 



40 

provide UV detection at 254 nm, and both have a Model l10l di:e:t;erential 

refractometer. The pumps for both systems are rated at 6000 psi. The 

second instrument provides the option of gradient elution and/or £low 

programming. 

Separation Methods 

Since several milligrams of a pure FAME was desired for CMR analysis, 

a larger scale separation was necessary compared to the separations des

cribed above. This was straightforward for separating the FAMEs from 

the crude lipid extract. The Porasil A column described in Table II 

was used with a mobile phase of hexane/ chloroform (3/7). At a flow 

rate of 4.0 ml/min the elution of FAMEs required 34 minutes. As before 

(see page 33), the pigments were flushed off the column with chloroform. 

The Porasil A column was also evaluated for a preliminary separa

tion of the FAME mixture. The recycle technique was used on 83 mg of 

FAME mixture, and the sample was passed through the column fifteen times. 

On each pass after the fourth, fractions were "shaved" from the front 

and back of the FAME peak. On the final pass several fractions were 

collected as the FAME peak eluted. 

The results of the GLC analysis of these fracttons indicated that 

a dual mechanism of separation might be involved when using the above 

mobile phase. As expected for an adsorption process, the FAMEs were 

fractionated according to molecular polarity. So, the C-16 FAMEs were 

eluted in the order 16:0, 16:1, 16:2 and 16:3, and the C-18 FAMEs 

analogously. There also appeared to be fractionation according to 
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molecular size, in that a C-18 FAME was eluted before the analogous 

C-16 FANE. For example, the 18:2 FAME .-ms concentrated in the fractions 

shaved from the front of the HPLC peak, while the 16:2 FAME was con-

centrated in fractions shaved from the back of the peak. As a result of 

this dual mechanism the two major components (16:0 and 18:2) were not 

separated, but these two ivere separated from most of the other FAM:Es. 

On the fifteenth pass the front of the peak was enriched in the 18:2 FM1E. 

Fractions containingprimarily 16:0 and 18:2 FAMEs were pooled. 

The mobile phase was changed to 6/4 (hexane/chloroform) so the adsorption 

mechanism would dominate, and the pooled sample was injected. Hexane/ 

chloroform (6/4) was pumped for 110 minutes and then the ratio was 

• 
changed to 3/7. This produced two incompletely resolved peaks, the 

first being primarily 16:0 FAME and the second being primarily 18:2 FAME. 

The overlap region between the two peaks was a composite of several 

F~fEs. It was concluded that the Parasil A column could not produce the 

high purity Fk~Es needed for CMR analysis. 

The argentation column used in the previous section had a very 

limited sample capacity. Even for the micro-preparative separations 

already described, there were occasional problems with column overload. 

Using longer columns with a larger i.d. might increase the capacity by 

a factor of 10, but a factor of 100 was needed. Besides, such a large 

column would have been prohibitively expensive. 

A Fatty Acid Analysis column (see Table II) was evaluated for 

separating the r'AME mixture. This column was developed for the separa-

tion of free fatty acids using an acetonitrile/water/tetrahydrofuran 
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mixture as the mobile phase (117). A number of solvent ratios were tried 

in isocratic runs; hmvever, without gradient elution it proved impossible 

to find the necessary solvent composition. 

At this point reverse phase chromatography was reevaluated for 

two reasons. About this time the Waters chromatograph capable of gradient 

elution was made available for use. Also, three reports of FAME separa

tions with reverse-phase packings were published. Several mixtures of 

standards were separated using methanol/water as the mobile phase (118), 

however these analytical separations were not adequate for use with a 

complex F~~E mixture. They did show the potential of using reverse-

phase chromatography for FAME separations. The first paper by Scholfield 

(119) was an analytical study using a pellicular packing (Cl8/Corasil) 

and the second (120) was a preparative study using Cl8/Porasil. Based 

on his earlier work with counter-current distribution, he used acetoni

trile/water as the mobile phase. Neither the analytical nor the prepara

tive columns showed the resolution necessary to separate the F~lE mix

ture from Chlorella. 

Columns packed with ~Bondapak-Cl8 were used in preference to those 

above. As discussed earlier, microspheres have a higher efficiency and 

sample capacity than pellicular packings. While its sample capacity is 

less than that of Cl8/Porasil, its efficiency is much higher. About 

20 mg of FAME mixture could be separated on this column. Because its 

viscosity is lower than that of methanol, acetonitrile allows faster 

mass transfer (higher efficiency) and was used for these separations. 

If the compounds in a mixture are similar, their relative retention 

in reverse phase chromatography is determined by their relative solubility 
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in the mobile phase (121). This fact has two results. For members of 

a homologous series the solubility in a given liquid varies in a regular 

manner with chain length. Thus, analogous to GLC, a plot of log corrected 

retention volume vs chain length is linear. This was observed in this 

study for the saturated FAMEs and has been reported previously (119). 

Results indicate that the slope is insensitive to small changes in the 

acetonitrile/water ratio, but a shift in the ordinate is observed. 

In addition to chain length, the degree of unsaturation determines 

solubility. In early reverse phase work this resulted in "critical 

pairs" (e.g., 16:1 and 18:2 FAMEs) which were inseparable (35,109,110). 

Thus, adding a double bond \vas equivalent to shortening the chain by two 

carbons. The effect of chain length and the degree of unsaturation are 

both seen in Figure 12. This figure shows that the critical pairs are 

indeed separable using HPLC and high efficiency column packings. A pair 

may not be completely resolved if one of the FM1Es is a major component 

of the sample. In such a case recycle may be used to separate the pair. 

Gas-Liquid Chromatography 

FAME Identification EY GLC 

GLC was used in this study to analyze the FAME content of various 

HPLC fractions. While GLC is the generally accepted method for the 

routine analysis of F~1E mixtures, several considerations are necessary 

to ensure accurate identification. Some workers have "identified" algal 

fatty acids by direct comparison with the retention times of standard 

compounds. While this may be adequate for major components or simple 
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FAME mxitures, it is not satisfactory for minor components or complex 

FAME mixtures, since some pairs of esters are inseparable on certain 

stationary phases (see below). The pitfalls of identifying esters by 
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the direct comparison of retention times can be illustrated by an example 

from the work of Korn (101). A synm1etrical peak having the same reten

tion time as methyl oleate was actually composed of five different com

ponents, and methyl oleate was only 10 percent of the total. 

While polar stationary phases (e.g., diethylene glycol succinate 

or Silar lOC) provide the best overall resolution of a FAME mixture, 

analysis on a nonpolar phase (e.g., Apiezon Lor SE-30) can aid identi

fication. \Vhen a polar phase is used, the saturated ester of a given 

chain length is followed by the unsaturated esters in the order of in

creasing number of double bonds (122). This may cause a particular 

component to be overlapped by esters having shorter chains and more 

double bonds [e.g., 18:1, 17:2, and 16:3 esters may not be separated 

(101)]. Landowne and Lipsky have outlined how to distinguish between 

unsaturated and branched FAMEs using a polar phase (123). The order of 

elution is reversed on a nonpolar phase, so the unsaturated esters 

are eluted in the order of decreasing number of double bonds and prior 

to the corresponding saturated esters (124). However, the polyunsatu

rates are usually unresolved or only partially resolved by a nonpolar 

phase (122). While these different elution patterns may aid identifica

tion, there is likely to be some ambiguity involved when a complex 

mixture is analyzed. 

Identification is much simpler 1o1hen capillary columns are used, 

since these columns provide much greater resolutions (124-127). In 
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fact, capillary columns are capable of separating isomers (124,128-131). 

However, analysis time is long (up to several hours), and hence not 

suitable for screening a large number of HPLC fractions. 

Since plots of log retention time vs the chain length are linear 

for the members of a homologous series, they are useful for identifying 

a component when the particular reference compound is not available 

(36,62,101,132). However, there was some question as to which of the 

many unsaturated isomers actually constituted a homologous series. 

Using his own data and that of others, Ackman (132) showed that retention 

data for esters with the same number of double bonds and the same "carbon 

end chaip." (the number of carbon atoms from the terminal methyl end to 

the first double bond) produced a linear semilog plot. His conclusion 

applies to a wide range of polar supports (122). Of course, this method 

of identification is only as good as the resolution and precision of the 

GLC data. 

Since the absolute retention time is so dependent on operating con

ditions, it is best to convert to some relative number. The equivalent 

chain length (ECL) described by Miwa et al. (133) has been widely used. 

The "carbon number" developed independently by Woodford and van Gent 

(134) is identical to ECL. The basis of this system is the straight

line plot of the logarithm of retention time versus the number of carbon 

atoms for the normal, saturated esters. The ECL of any other ester is 

read from this plot using its retention time measured under identical 

conditions. The analogy to the Kovats retention indices is obvious 

(135). The ECL indicates the elution sequence characteristic of the 

particular stationary phase, but there is rather close agreement between 
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similar stationary phase.s [i.e.. , nonpolar (134) or polar (122) J. 

GLC Analysis 

The gas chromatograph used in this study was an Aerograph Hy-Fi 

Model 600-D equipped with a Model 328 temperature control module.. A 

l/8"x8' column packed with 10% Silar-9CP on 100/120 mesh Gas-Chrom Q 

(Applied Science) was used with nitrogen as carrier gas. A Brooks 

Model 8744A flow controller was used to maintain a 20 cm3/min flow rate. 

during temperature-programmed analyses. The flow rate was monitored by 

an inline Gow-Mac flow meter that was calibrated against a.bubble meter._ 

An Aerograph electrolytic hydrogen generator supplied the flame. ioniza-

tion detector (FID). Reference F,\MEs (99+% pu~e) were obtained from 

Applied Science Laboratories. 

The solvent was removed from the HPLC fractions with a stream of 

nitrogen. The residue was dissolved in carbon disulfide for GLC analysis. 

Carbon disulfide was used because of its ve.ry low response. in a FID and 

because. it does not tail into early-eluting peaks. However, it is a 

poor solvent for FAMEs, and occasionally a few drops of chloroform we.re 

added to clear a turbid solution. 

Optimum resolution of the FAME mixture (see Figure. 13) was obtained 

by temperature programming from 180°C to 210°C at a nominal rate of 4°C 

per minute. The program was initiated two minutes after injection. 

However, this procedure required about 15 minutes per sample. So HPLC 

0 
fractions were routinely screened isothermally at 210 C, and only 

8 min were needed per sample. As seen in Figure 14 the main lo3s of 

qualitative information is with regard to the 16:1 FAME. 
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On Silar-9CP the 18:1 PA}fE and 16:3 FAME are not separated, When 

injected separately they exhibit a small difference in retention time, 

but when they are co-injected only one peak is observed, Also, there 

is poor resolution between the 16:0 and 16:1 FA.HEs. Thus, the Silar-

9CP column could not provide an accurate quantitative analysis. 



CHAPTER IV 

DETERMINATION OF 13c CONTENT USING GAS 

CHROMATOGRAPHY/MASS SPECTROMETRY 

FAl1E Identification 

By combining the separation efficiency of gas chromatography with 

the structural elucidation capabilities of mass spectrometry, a powerful 

tool has been created for the analysis of complex biological samples. 

The utility of gas chromatography /mass spectrometry (GC/HS) for lipid · 

analysis is evidenced by numerous reviews (e.g., 136-139). For the 

identification of FM1Es the GC/MS simultaneously provides the retention 

time and the molecular ion, and fragmentation patterns (including some 

metastable ions), which indicate the number of carbons, degree of unsatu-

ration and position of branching. 

One difficulty in early work was the high background caused by the 

liquid phase bleeding into the mass spectrometer (139). This problem 

has been substantially reduced by the replacement of polyester phases 

with the more thermally stable .silicone phases (140). In the present work 

SILAR-5CP provided separations comparable to polyester phases and exhib-

ited negligible column bleed. 

+· In addition to the molecular ion (H ) the fragmentation pattern of 

saturated, straight-chain FAMEs is characterized by four types of ions 

51 
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(141). The base peak (peak of greatest intensity) results from the 

HcLafferty rearrangement (1!+2) and appears at m/z 74. The acylium ion 

(M-31) corresponds to the loss of the methoxy group. The higher mass 

range of the spectrum is dominated by a series of ions (m/z 87, 101, 

115, 129, etc.) resulting from chain cleavage and having the general 

formula [CH30CO-(CH2)n-t. A series of hydrocarbon ions (m/z 69, 83, 

97, etc.) are prominent in the low mass range. 

The well understood fragmentation pattern just discussed can 

readily be extrapolated to describe isotopically enriched material~ if 

the material can be accurately characterized mathematically (e.g., bi

nomial distribution, known percent 13c at certain sites, etc.). How

ever, the FAMEs in this study exhibit a nondescript enrichment cluster. 

As seen in Figure 15 the expected binomial distribution is skewed on 

the low mass end and there is a small amount of natural abundance mater-

ial. In comparing Figure 15 to Figure 16 it is obvious that each FAME 

has a different enrichment cluster, and this will be discussed later. 

The pertinent consideration here is that the mass spectrum of the labeled 

FAMEs cannot be predicted in detail from the corresponding natural abun

dance spectrum. So, retention time and the molecular ion for the small 

amount of 11atural abundance material served as the primary basis for 

FAME identification. Then the general features of the fragmentation 

pattern were compared to published spectra. 

Due to the high level of enrichment, the major ions for methyl 

hexadecanoate (methyl palmitate) are correlated to the published spec

trum (137,141) by adding one unit for each carbon (except methoxy) in 

the fragment. So, the molecular ion appears at m/z 286 (m/z 270 + 16 



100 

.. 

80 -
.jJ 

1=1 f. 
<l) 
tJ 
1-l 
<l) 

P-t 60 -
"' <l) 

tJ 
1=1 
ctl 

'1:1 -
1=1 
:::J 

~ 
<l) 40 "' :> 

•r-f 
.jJ 

ctl 
.-I 
<l) 
~ 

20 ~ 

1-

0 I I I • I I I I 
270 275 280 285 

m/z 

Figure 15. Normalized Spectrum of Molecular Ions for 
13c Enriched 16:0 FAME 

• 

53 



100 

.w 
p 80 QJ 
C) 

H 
QJ 

P-< 

" QJ 
C) 
p 60 cu 

"0 
p 
;:l 

,.Cl 
<tl 
QJ 
:> 40 
·~ .w 
cu 

.-I 
QJ 
~ 

20 

0 

~ 

~ 

p 

. 
-

I I I I 
295 

Figure 16. 

300 
m/z 

305 

Normalized S~ectrum of Molecular 
Ions for 1 C Enriched 18:3 
FAME 

54 

310 



55 

13 
C atoms), and the McLafferty rearrangement ion appears at m/z 76 

(m/z 74 + 2 13c atoms). Since the methoxy carbon contains natural 

13 
abundance C, the acylium ion still appears at M-31 (i.e., m/z 286-

31 = 255). Loss of an ethyl group is also M-31 and the resulting ions 

are indistinguishable from the acylium ion. Also, the two series o£ 

ions are spaced 15 units apart. For each of the ions mentioned, the 

mass number cited is the highest m/z value in a cluster, which has a 

size and relative intensity according to the number of carbon atoms the 

ion contains. See Figures 17 and 18 for a comparison of the natural 

abundance spectrum and the 13c enriched spectrum for 16:0 FAHE. 

In the spectra of unsaturated FAMEs (140,143) the hydrocarbon 

series of ions becomes more prominent as the number of double bonds 

increases. The tropylium ion (c7n7+) also increases with increasing 

unsaturation. Diagnostically, the :tl', (M-32)+ (base peak), (M-74)+ 

and m/z 55 ions are prominent in the spectra of monoenes. For dienes 

+ +· the m/z 67 (base peak), 81 and 95, (M-31) and M are characteristic 

peaks. The important peaks for trienes are m/z 79 (base peak), 95 and 

+ + + +· 108, (M-69) , (H-56) , (M-31) and M . As discussed earlier, each of 

these peaks is converted into an enrichment cluster with higher mass 

b b f 1 h . h 13 num ers ecause o t.1e 1g C content. 

As mentioned in Chapter III (see page 39) the reverse phase HPLC 

separation produced a FAME whose retention on Silar 9CP Has nearly 

identical to 16:1 FAME. The equivalent chain length (approximately 16.6 

atoms, see page 46) indicated a methyl substituted FA:tvlE (122). By com-

parison to published spectra of methyl substituted FAMEs (144) the 

compound w·as identified as methyl 15-methylhexadecoate (iso-17 FAME). 

The McLafferty rearrangement peak (base peak) was observed at m/z 76, 
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so there was no substitution at the C-2 position. Methyl substitution 

in the middle of the chain would result in cleavage on either side of 

the methyl group and produce prominent peaks 30u apart. Such peaks were 

absent from the spectrum. Substitution at position 14 (anteiso-17 

F.At'1E) would produce significant peaks at M-31 and M-61 for loss of ethyl 

13 
and butyl groups ( C enriched), but this was not observed. The loss of 

+ propyl group, (M-46) , was prominent and the fragmentation pattern at 

lower mass numbers was very similar to 16:0 FAME. The presence of 

anteiso-17 FAME in Chlorella lipids has previously been reported (145), 

but that assignment was based on GLC retention data rather than the 

GC/MS fragmentation pattern. 

Data Acquisition 

The methyl substituted FA}ffi was identified from spectra obtained 

on a Hewlett Packard Model 5980A GC/MS with a Hodel 5934A data system. 

The first column in Table IV was used with this instrument. The data 

system of this instrument supplied normalized, hard-copy spectra. 

TABLE IV 

GAS CHROMATOGRAPHY COLUMNS USED IN GC/MS EXPERIMENTS 

Column Description 

81 X 1/8" o. d., stainless 
steel 

6 I X 4 mm i. d., glass 

6 I X 4 mm i. d., glass 

Packing Material* 

10% SILAR-9CP on 100/120 
mesh Gas-Chrom Q 

3% SILAR-SCP on 1.00/120 
mesh Gas-Chrom Q 

3% OV-1 on 100/120 mesh 
Gas-Chrom Q 

*Applied Science Laboratories 

Instrument 

Hewlett Packard 
Model 5984A 

LKB 9000 Proto
type 

LKB 9000 Proto
type 



59 

Except as noted, GC/MS experiments were performed on a prototype of 

the LKB 9000 (146). See Table IV for a description of the two columns 

used with this instrument. The helium carrier gas was set at 27 ml/min. 

The temperature of the column oven was calibrated (see Figure 19) with 

a thermometer which had been checked for accuracy by comparison to a 

precision platinum resistor (Dimensional Standards Laboratory, Los 

Alamos Scientific Laboratories). Spectral data was recorded by means of 

a light beam oscillograph recorder using Kodak Linagraph Direct Print 

paper, Type 2022. 

Spectra used for FAME identification were obtained near the maximum 

of the GC peak. The ion abundance was quantitated using a millimeter 

scale, and normalized using a program written for a Hewlett Packard 

9810A prograrrnnable calculator. 

Isotope fractionation was initially observed using the Selected Ion 

12 
Monitoring (SIM) system to compare the C molecular ion with the totally 

labeled molecular ion. The SIM chart speed was calibrated by marking the 

chart at several timed intervals. The time intervals and ion abundance 

values were measured from oscillograph traces using a vernier caliper. 

Repetitive scans of the GC peaks were made over a limited mass 

range that included the molecular ion enrichment c.luster. The scans 

were initiated manually at fixed intervals. The time from T (retention 
0 

time corresponding to void volume) to the first scan was measured from 

the total ion current chart with a vernier caliper. The ion abundance 

values on the oscillograph traces were digitized using an OSCAR Model K 

Oscillograph Analyzer and Reader (Benson-Lehner Corporation, Santa 

Monica, California), which was directly connected to an IBM Kepunc.h 

Type 024. 
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Computations 

In order to accurately determine the retention time for isomers of 

a particular mass, the SIM data (ion abundance vs time) was least squares 

fitted to a skewed Gaussian equation 

y 

where P1 is the area under the curve, P2 is sigma, P3 is the mean, 

P4 is the skew factor which adjusts to asyrrrmetry in peak shape, X is 

the time andY is the ion abundance. A standard deviation (cr.) for 
l 

each parameter (P.) was also calculated. The computer program (LSMFT) 
l 

used to accomplish this data fitting was provided by the Statistics 

Group at Los Alamos Scientific Laboratories (LASL), and is on file in 

the LASL program library. The operation of LSMFT is explained briefly 

in Appendix A. 

The repetitive scans provided ion abundance vs time data for each 

mass number in the molecular ion cluster. The data for each mass 

number was fitted to·a skewed Gaussian equation as described above. A 

weighted average of the skew factors for all the mass numbers in the 

molecular ion cluster was calculated using l/a 4 as the weighting factor. 

The data for each mass number was again fitted with the average skew 

factor being held constant. This was done for each GC peak. 

The least squares curves were used for "smoothing" the data in that 

ion abundance values used for further calculations were taken from the 

curves. The area under the curve (P1 ) for each mass number was added 
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to the data matrix. These areas ~vere treated in the same manner as an 

• individual spectral scan in order to calculate an integrated value for 

mol% 13c. The mean (P 3) for a given mass number is the retention time 

for the isomers of that mass number, and one way to observe isotope 

fractionation is to compare the retention times for the various mass 

numbers in the molecular ion cluster. 

2 17 
The smoothed data was corrected for natural abundance H, 0 and 

18o, and for 13c in the methoxy carbon. Beginning with the abundance 

f h 1 1 · i · 13c c +·) h c 1)+· or t e mo ecu ar lon conta nlng no atoms M , t e M + and 

+· 13 (M + 2) abundance values due to heavy isotopes (other than C) were 

calculated from the elemental composition and known values for natural 

abundance (147). These calculated abundance values were then subtracted 

from the observed abundance values at M + 1 and M + 2. This correc-

tion procedure is analogous to that used by Boone, Mitchum and Scheppele 

(148). In turn, the abundance values of each mass number were corrected; 

i.e., 
+· the corrected abundance of (H + 1) was used to calculate correc-

+· + 
tions for (M + 2) and (M + 3) ·, etc. until the entire molecular ion 

cluster had been corrected. The corrected ion intensities were used to 

calculate the mol % 13c for each spectral scan and for the integrated 

GC peak (llt9). 

A Fortran program was written to move data into and from the LSMFT 

program and to perform the calculations described above. A listing of 

this program is in Appendix B. All calculations were performed on a CDC 

7600 computer at the Central Computing Facility of the Los Alamos 

Scientific Laboratories. 
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13c Content of FAMEs 

The initial values for mol % 13c (calculated from complete spectral 

scans taken at random on the GC peak) showed significant variability. 

Th . d h "b"l" f 13 J12c f . . h GC 1 1s pose t e poss1 1 1ty o C ractJ.onat1on on t e co umn. 

This was investigated using the SIM system of the GC/MS. Figure 20 

shows the obvious difference in retention time of the totally labeled 

species. An isotope fractionation was observed in this manner for 

16:0, 16:2, 16:3 and 18:3 FAMEs on the 6-ft Silar-5CP column. Similar 

0 
results were obtained on a 3% OV-1 column (5 ft, 200 C) for 16:0 FAME 

using a Finnigan GC/MS (150). 

13 12 . . 
Because of the C/ C fract1onat1on, an accurate determination 

f 13 · ' h · GC k b . d f 11 o C content requ1res toat t e ent1re pea e 1ntegrate .or a 

molecular ion species. This was accomplished by making repetitive 

scans as describe.d in the previous section. Figure 21 through Figure 

37 show the data points and fitted curves for 16:0 FAME on Silar-SCP 

at 158°C. For m/z 270 and the highly enriched isomers (m/z 280 to 286) 

the data points fit the curves very closely, so the curve parameters 

have small standard deviations. For low enrichment isomers the ion 

intensity was quite lmv, so the data points are scattered about the 

fitted curve and the curve parameters have large standard deviations. 

Obviously, more spectral scans for a given GC peak will more precisely 

13 
define the fitted curve and provide more precise values for C content. 

The results of a number of experiments are summarized in Table V 

and illustrate two general considerations. First, the FAMEs of highest 

purity (i.e., 16:0, 18:2 and 18:3) give the most consistent values for 
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TABLE V 

1'3 ·c CONTENT OF FAMES 

Silar"'"5CP OV-1 
Number % Natural Mol % Number % Natural Mol % 

FAME Temperature of Scans Abundance 13c of Scans Abundance 13c 

16:0 142°C 14 2.60 84.96 
158 10 2.54 85.13 13 2.5.7 84.48 
168 11 2.55 85.02 9 2.56 84.96 
178 8 2.53 85.01 14 2.55 85.03 
189 9 2.54 85.36 

16:1 142°C 8 7.02 75.84 
158 15 6.02 79.41 
168 9 6.00 79.72 
178 7 6.23 79.76 

16:2 142°C 6 2.46 82.39 
158 13 2.40 83.80 
168 11 2.43 83.80 10 2.16 84.19 
178 8 2.61 83.65 14 2.06 84.12 
189 9 2.15 84.28 

16:3 142°C 13 12.26 65.00 
158 8 12.23 64.82 
168 9 12.22 65.34 
178 12 12.92 64.47 
189 8 12.21 65.U 

1.8:1 142°C 13 11.92 73.53 
158 10 11.32 75.29 
168 9 11.75 75.47 
178 7 12.61 76.43 

18:2 142°C 12 1. 90 8Lf. 07 
158 16 1.97 84.25 
168 11 1. 88 84.29 14 1. 74 84.95 
i78 8 1. 85 84.42 12 1.77 84.76 
189 16 1.48 85.22 

18:3 142°C 18 12.20 65.86 
158 15 12.34 65.99 
168 11 12.34 65.88 
178 12 12.48 65.82 
189 14 12.69 65.86 
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13 
C content. Even small amounts of impurity (e.g., a methyl substituted 

FAME) can significantly effect the results if the GC column does not pro-

vide complete separation. 13 Consequently, the calculated C content for 

18:1 shows a steady increase because the resoltuion decreases as the 

column temperature increases. 
13 

Also note the higher C content for 

16:2 and 18:2 FAMEs on the OV-1 column, which did not separate small 

amounts of impurity. Thus, the preliminary separation (discussed in 

Chapter III, page 35) is of primary importance to the accurate determ~ 

. f 13 naq .. qn Q . C cqntent, 

13 Secondly, the mol % C and percent natural abundance values reflect 

the effect that nutrient concentration and stage of growth have on fatty 

acid composition (see Chapter II, page 5 ). The two liter inoculum in the 

culture chamber contained natural abundance carbon both as biocarbonate 

in the medium and as cellular carbon in the algae. Consequently the 13c 

content of the carbon used in fatty acid synthesis asymptotically 

13 
approached that of the carbon- C dioxide supply. Concurrently, the 

nitrate concentration decreased. Since polyunsaturated fatty acids 

(especially 16:3 and 18:3) were preferentially synthesized initially, 

h · 13c · h 1 h h f h f "d t e~r content ~s roue ower t an t at o ot er atty ac~ s. The 

values for 16:1 and 18:1 FAMEs are unreliable due to unresolved impuri-

ties. Since additional nitrate was added at the midpoint of the growth 

period, the results for this particular batch of algae are less dramatic 

than they would otherwise be. 
13 Analysis of C content and labeling 

pattern (see Figures 15 and 16) would be a very effective approach to 

the study of the relative synthesis rates of fatty acids under various 

growth conditions. 



13 12 ~ . . C/ C Eract1onat1on by Chromatography 

Introduction and Literature Review 

The chromatographic fractionation of isotopes has been revie\ved and 

evaluated by Klein (151). Fractionation of carbon isotopes has been 

observed in several separation technqiues (e.g., 152-154), but there 

have been-only a few reports of carbon isotope fractionation by gas 

chromatography. Blanc et ~- (155,156) showed 13c;12c fractionation for 

carbon monoxide on a molecular sieve column. Gunter and Gleason (15 7) 

13 12 . . 
observed C/ C fract1onat1on for methane on a molecular sieve column 

and for carbon dioxide on silica gel and Poropak (Q and R) columns. 

Bayer ~ al. (158) obtained 13c;12 c fractionation for tetrafluoromethane 

on Poropak (Q and S) columns. Hmvever, carbon isotope fractionation for 

larger molecules of biological significance has not been observed. 

Bentley ~ ?1· (159) were unable to detect fractionation for D-glucose

u-13c (50 mol % 13c) on a 3% SE-30 column. Using GC/MS, VandenHeuvel 

· et al. (160, 161) could find no 13c;12c fractionation with 12-14 mol % 

13c amino acids on 2% SE-30 or 2% OV-17. The present study has docu

mented 13c/2c fractionation for FAMEs and evaluated the significant 

parameters that effect the fractionation. 

Results and Discussion 

. 13 12 As d1scussed above, C/ C fractionation was first observed using 

the SIM mode of operation. In order to perform a detailed study, repeti-

tive scans were taken as the GC peak eluted. Not only does the repeti-

13 tive scan data provide accurate values for C content, but it also 
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13 12 
documents the C/ C fractionation by providing data for two types of 

plots. 
13 

The mol % C may be plotted versus the time of the spectral 

scan, or the retention time of each mass number may be plotted versus 

the number of 13c atoms in the molecule. Figures 38 and 39 show these 

plots for the same GC peak used to illustrate the curve fitting program. 

The data for both types of plots is summarized in Table VI through 

X. It is readily apparent that the calculated 13c content is dependent 

on when the spectral scan is taken. Even for small 6Retention values, 

there are significant changes in the isotopic content as the GC peak 

elutes. The four obvious variables that might effect the isotope 

fractionation are chain length, degree of unsaturation, column tempera.-

ture and stationary phase. The data shows no apparent relationship 

between any of these variables and the observed separation factor. 

Hmvever, a.s seen in Figures 40 and 41 6Retention is proportional to the 

retention time. So, it appears that there is no specific interaction 

that is responsible for the observed isotope fractionation. Rather a 
~ 

difference in the vapor pressure of the isotopic species seems to be 

the likely explanation. As has been explained by others (162,163), 

molecules containing ·the heavier 13c atoms will have a smaller van 

der Waals attraction and hence a smaller heat of evaporation. This 

effect is particularly important for molecules in which the isotopic 

atoms contribute to intense infrared absorption bands (163). Highly 

enriched FAMEs have a number of active infrared absorption bands (164). 

Two vapor pressure comparisons are useful. There is enough 

difference (0.8%) in the vapor pressure of carbon-12c monoxide and 

13 carbon- C monoxide that the two isomers may be separated by 



TABLE VI 

13c;12c FRACTIONATION FOR 16:0 FAME 

------

Temperature· 142°C 158°C ---- __ 1_68°C ___ 178°C 189°C ----
GC Column Silar-5CP Silar-5 Cl' OV-1 Sil>lr-5CP OV-1 Sila r-5CP OV-1 OV-1 

Time to F:lrst Scan (sec) 1198 520 1313 3Vo 8119 206 550 3114 

Time Between Scans (sec) 10 10 10 5 10 5 5 5 

Calculated Mol % 13c for 85.36 86.10 8l,. 21 85.67 85.54 S6.32 85. ]l, 86. M, 
Each Scan 85.l,O 85.S6 gt,. 59 85.59 85.lo0 85.71 85.58 86.0lo 

8s.t,o 85.63 8!,. 80 85.48 85.22 85.29 85.44 85.69 
85.36 85.40 84.91 85.32 85.03 8lo. 92 85.30 85. t,Q 
85.29 85.16 ll!. 94 85.14 3r,. 84 8l,. 64 85.17 85.20 
85.18 8L1. 92 84.91 84.93 84.6/o 8l,. 51 85.05 85.09 
85.05 84.70 8''. 83 84.72 84.45 84 .l!6 Bl•. gt, 85.05 
84.90 8fo. 50 8lo. 71 84.52 31,. 2t, 8L,. 26 84.85 85.06 
81,. 74 84.28 84.54 8Lo. 33 83.96 84.77 85.09 
84.59 83.99 8lo. 34 84.12 84.70 
84.46 81o.09 83.83 84.64 
84. ]t, 84.58 
84. 2l, 8L,.49 
w •. 02 84.37 

82.56 
81.87 

Adju8ted Retention TJme 1259.8 563.6 J 382. 5 
of m/z 270 (sec) 

35 7. 5 88.1.9 222.7 579.1 364.3 

Adjusteu Retention Time 1254.9 560.8 1378. G 355.6 881.4 221. 3 577.8 363.3 of m/z 286 (sec) 

ARetention (m/z 270-m/z 286) 4.9 2.8 3.9 1.9 2.5 1. r, 1.3 1.0 

Separation Factor, (a) 
1< 

1. 0039 1. 0050 l. 0028 1. 0053 1. 0028 1. 0063 1. 0022 1. 0028 
-----------

a = Adjusted Rete~tion Time of m/z 270 
Adjusted Retention Time of m/z 286 

Cf) 

0' 



TABLE VII 

13c;12c FRACTIONATION FOR 16:2 FAME 

Temperature -~j::_ _d58°C 

GC Column 

Time to First Scan (sec) 

Time Between Scans (sec) 

Calculated Mol% 13c for 
Each Scan 

Adjusted Retention Time 
of m/z 266 (sec) 

Adjusted Retention Time 
of m/z 282 (Ace) 

ARetention (m/z 266-m/z 282) 

* Separation Factor, (a) 

* 

Silar-5CP 

1657 

15 

83.80 
83.80 
83.66 
83.1,1 
83.07 
82.63 

1707.8 

170l. 0 

6.8 

1.00!!0 

a = ~~sted Retention Time of m/z 266 
Adjusted Retention Time of m/z 282 

Silar-5CP 

713 

5 

84.56 
34.50 
84. t,z 
sr •. Jl 
8l!.l8 
8l1. OJ 
83.86 
83.67 
83 ,{, 7 
83.26 
83.04 
82.80 
82.56 

]l,2. 8 

738.2 

4.6 

1.0062 

168°C 

Silar-S·CP 

458 

5 

84.36 
8l,. l,3 
3t, -'•0 
84.29 
84.13 
83.90 
83.64 
83.34 
83.01 
82.66 
82.22 

482. t, 

4 79.1 

3.3 

1. 0069 

OV-1 

705 

10 

8l,. 58 
84.75 
84.75 
84.6 3 
8l,. 40 
84.08 
83. 70 
83.28 
82.77 
32.70 

7l,9. 7 

746.3 

3.4 

1. 0046 

178°C 

Silar-5CP 

288 

5 

8l,. 29 
gl,. 43 
84.27 
33.97 
33. 'jl, 
32. 9l, 
82.16 
81.02 

303.8 

302.2 

1.6 

l. 0053 

OV-1 

1,68 

5 

84.92 
84.90 
8l,. 81. 
84. 74 
81,_ 60 
81 •. 42 
gt,. 21 
83.96 
83.68 
83.38 
83.05 
82.68 
82.24 
81.68 

498.7 

496.1 

2.6 

1. 0052 

_J§_cLL 

OV-1 

300 

'j 

85.] 6 
85.05 
81L86 
81L61 
31,. 31 
83.98 
83.62 
83.20 
82.67 

320.7 

319.2 

1.5 

1.0050 

co 
-.....J 



TABLE VIII 
13c;12c FRACTIONATION FOR 16:3 FAME 

Temperature 142°C _LS~ l68°C ~c __ _m~ ----- -----

GC Column Silar-5CP SUar-5CP Silar-5CP Silar-5CP Silar-5CP 

Time to First Scan (sec) 2059 909 577 35f, 246 

Time Between Scans (sec) 20 10 10 5 5 

Calculated Mol % 13c for 6 7. 8l, 66.52 68.99 66.76 68.45 
Each Scan 67.27 66.11 67.65 66.38 66.8J 

66.77 65. 6'' 66.55 65.97 65.61 
66.28 65.12 65.59 65.50 6l1. 7'' 
65.79 6l,. 60 fill. 76 6l,. 97 64.22 
65.29 64.08 64.11 64.41 64.01 
64.80 63.57 6J.65 63.81 63.97 
64.33 63.0R 62.77 63.21 63.98 
63.9t 62.63 
63.57 62.02 
63.29 61. 3!, 
63.01 60.52 
62.66 

Adjusted Retention Time 2180.9 945.0 61!1. 6 378.8 260.2 
of m/2 264 (sec) 

Adjusted Retention Time 2173.1 94]. 4 612.0 377.2 259.3 
of m/z 280 (sec) 

/\Retention (m/z 264-m/z 280) 7.8 3.6 2.6 1:6 0.9 

* Separation Factor, (a) 1. 0036 1. 0038 1. 00l,2 1. 0042 1. 0035 

* a = Adjusted Retention Time of m/z 264 
Adjusted Retention Time of m/z 280 

co 
co 



TABLE IX 

13c;12c FRACTIONATION FOR 18:2 FAME 

Temperature __li2°C _158!;__ 168°C 178°C 189 °__<::_ -------
GC Column Silt:ll> 5 CP Silar-SCP Silar-5CP OV-1 SUar-5CP OV-1 OV-1 

Time to First Scan (sec) 3882 1559 971 161,4 591 1059 640 

Time Between Scans (~ec) 30 10 10 15 10 10 5 

Calculated Mol % 13c f0r 81,. 79 85.10 84.20 84.91 84.35 85.17 86.06 
Each Scan 81,. 79 8! •. 94 84.39 85.22 84.50 85.23 86.01 

31,. 71, 31,. 78 84 .{, 9 85.36 84.52 85.24 85.92 
81,. 6l, R'l. 64 84.52 85 .l,l 81, .1,9 85.21 85.80 
81o .lo9 8l,. 50 8l,. 50 85.39 31, .t,z 85.14 85.67 
84.30 31,. 38 84.44 85.31 st,. Jl• 85.03 85.53 
81,. 07 8lo. 28 31,. 34 85.20 84.25 84.88 85.40 
83.49 3r,. J 8 81 •. 21 85.04 84.12 84.69 85.26 
83. J 4 8lo .10 84.06 81,. 85 84.44 85.14 
82.73 3r,. 03 83.89 84.63 84.12 85.0t 
82.28 83.97 83.69 31,. 35 83.70 8l,. 89 

8"3.91 8l,. 02 83.12 84.76 
83.86 83.59 84.62 
83.82 83.01 8t, .t.s 
83.77 8t,. 24 
83.73 83.97 . 

Adjusted Retention Time 4044.2 1636.7 1019.5 
of m/z 294 (sec) 

17r,s. o 622.1 1113.6 678.9 

Adj11sted Retention Time 
of m/z 312 {sec) 

!1022. 8 16 31.1 1016.2 1738.6 620.!1 1108.7 675.2 

6Retention (m/z 924-m/z.312) 21. r, 5.6 3.3 6.4 1.7 4.9 3.7 
* SeparatJon Factor, (a) l. 0053 l. 0034 1.0032 1.0037 1.0027 l. 0041, l. 0055 

* ct ; Adjusted Retention Time of m/71 294 
Adjusted Retention Time of m/z 312 

co 
\.0 



TABLE X 

13c;12c FRACTIONATION FOR. 18:3 FAME 

Temperature 142°C l58°C l68°C 178°C 189°C 

GC Column Silar-5CP Silar-5CP Silar-5CP Sllar-5CP Silar-5CP 

Time to First Scan (sec) 4887 1992 1207 709 4 75 

Time Between Scans (sec) 30 10 15 10 5 

Calculated Mol % 13c for 68.49 67.83 69.40 69.92 70.08 
Each Scan 68.25 6 7. 61 68.30 68.91 68.95 

6 7. 99 67.38 67.42 68.00 6 7. 97 
67.70 6 7.13 66.66 67.13 67.11 
6 7. 39 66.88 66.00 66. 31 66.36 
6 7. 06 66.61 65.44 65.53 65.71 
66.71 66.34 65.00 6lJ. 82 65.17 
66.34 66.07 64.68 61, .19 64.74 
65.96 65.59 64. I, 7 63.65 64.41 
65.57 65.50 64.31 63.16 64.18 
65.17 65.21 61,. 14 62.65 64.03 
61..77 61.. 91 62.10 63.91 
64.37 6/f. 61 63.BO 
63.98 64.29 63.69 
63.60 63.97 
63.20 
62.78 
62.33 

Adjusted Retention Time 5140.4 2066.4 1281.7 759.9 504.1 
of m/z 292 (sec) 

Adjusted Retention Time 5119.0 2060.8 1276.8 756.0 501.9 
of m/z 310 (sec) 

6Retention (m/z 292-m/z 310) 21.4 5.6 4.9 3.9 2.2 

* Separation Factor (a) · 1. 001,2 1. 002 7 1. 0038 1. 0052 1.0044 
--

* a _ Adjusted Retention Time of m/z 292 1..0 
Adjusted Retention Time of m/z 310 0 
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distillation (1). The carbon monoxide isomers differ in mass by 3.57%, 

while for the 16:0 isomers (mass 270 vs mass 286) there is 5.92% dif-

ference. 

The 17:0 FAME has a mass difference of 5.56% compared to the 16:0 

FAME. Interpolation of the data of Althouse and Triebold (165) indi-

0 cates a vapor pressure difference of 5.4 nun at 189 C for these two FAMEs. 

Extrapolation of the data in Tables VI, VII and IX indicates that on 

the OV-1 column at 189°C there is 156 seconds difference in the adjusted 

retention times of the two FAMEs and only 1 second ~Retention for the 

16:0 isomers. These values and the values for vapor pressure indicate 

that there is a 0.2% difference in the vapor pressure of the 16:0 iso-

mers. This agrees quite well with the values for the separation factor. 



CHAPTER V 

DETERMINATION OF 13c CONTENT USING 13c NUCLEAR 

MAGNETIC RESONANCE SPECTROMETRY 

Introduction 

As seen in the previous chapter mass spectrometry lends itself 

very well to the precise determination of overall isotopic enrichment. 

However, only for special cases is it possible to determine the isotopic 

enrichment at specific sites in a molecule using MS data. This is 

especially true in this study since the molecules of each compound 

exhibit a wide range of labeling. By contrast 13c nuclear magnetic 

resonance spectroscopy (CMR) provides information about the isotopic 

enrichment at specific sites, but the calculated enrichment is less 

precise. Also, CMR requires several milligrams of enriched sample 

(depending on molecular weight and level of enrichment), whereas less 

than a microgram is adequate for GC/MS. 

Coupling between 13c nuclei and directly bonded protons will pro

duce "satellite" peaks on either side of the main proton resonance, and 

these satellites may be used to calculate 13c enrichments (166,167). 

However, the more complex the spectrum, the more difficult it is to 

identify and quantitate the satellites. CMR has the advantage of pro

viding direct information about the molecular carbon skeleton through 
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chemical shifts and coupling patterns. 13c nuclei have a wide range of 

chemical shifts (typically up to 8 = 200 ppm) so even complex molecules 

will often produce a natural abundance CMR spectrum with a discrete 

resonance for each carbon when 13c-1H coupling is absent (168,169). 

13 13 . 
Enrichment results in C- C coupl~ng which can provide valuable 

information about compounds labeled at specific sites or enriched to 

1 1 1 Th~s 13c 13c · 1· b 1 bl ow eve s. _._ - coup ~ng can even e va ua e at high levels 

of enrichment for simple molecules such as acetic acid (170). But for 

large molecules that are highly enriched a very complex spectrum results, 

since each carbon is coupled to one or several other carbons (171). 

13 1 
C- H coupling can be eliminated by applying the proton-resonance 

frequency of one or several protons (selective decoupling) or applying 

a broad band of frequencies to decouple all protons. The latter pro-

duces a "proton noise decoupled" spectrum which provides a gain in 

sensitivity from two effects. First, by collapsing diffuse multiplets 

a single sharp line is usually produced. Secondly, a nuclear Overhauser 

effect (NOE) is induced since the proton spin population is redistributed 

13 
by the broad band frequency and this produces a change in the C energy-

level populations (172,173). The NOE leads to an intensity enhancement 

of up to three-fold for carbons bonded to protons (174). Hhile the 

NOE beneficially enhances sensitivity, all carbons with attached pro-

tons are not enhanced to the same degree, and carbons not bonded to pro-

tons normally exhibit an NOE significantly less than 3.0. Thus, inten-

sities do not necessarily correlate with the relative number of carbon 

atoms when the proton noise decoupling technique is used (175). This 

also precludes the correlation of intensities to the 13c enrichment of 

specific carbon atoms. 
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Cun • t d d t d t tl1at the 13c enr1' ch-~~ exper1men s were con ucte .o emonstra e 

ment at specific molecular sites can be determined when the chemical 

h · f d 1 h 1 · J d d b 13c 13 1· s 1 ts a equate y separate t e mu t1p .ets pro uce y - C coup 1ng. 

Paramagnetic shift reagents were shown to be useful in separating some 

overlapping multiplets so that enrichment calculations were possible. 

Instruments 

Most CMR spectra were obtained using a Varian CFT-20 instrument 

operating at 20 MHz in the pulsed Fourier transform mode. The proton 

noise decoupled spectra covered a 4000 Hz bandwidth using 8192 data 

points in the time domain. The deuterium resonance of chloroform-d 

was used as internal lock. 

Experiments using Eu(fod) 3 shift reagent were performed on a Varian 

XL-100 instrument operating at 25.2 Ml!z in the pulsed Fourier transform 

mode and interfaced to a Data General Super-Nova digital computer. 

Proton noise decoupled spectra were obtained over a 5000 Hz bandwidth 

using 4096 data points in the time domain. The deuterium resonance of 

n2o in a capillary was used as lock. All chemical shifts are referenced 

to TMS ( o = 0) ( 1 7 6) . 

Results and Discussion 

In order to point out the effect of enrichment a natural abundance 

spectrum (Figure 42) was obtained for 16:0 FAME. The assignments were 

made by comparison to previous results (177-180) and later were con-

firmed by the experiments using paramagnetic shift reagents. Note that 
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the resolved peaks illustrate the earlier point that the NOE enhances 

different carbons to different degrees. Also, carbons with a relatively 

long relaxation time (e.g., the carboxyl) will exhibit a low intensity 

when a large flip angle is used without an adequate time delay between 

pulses. 

The CMR spectrum of 16:0 FAME enriched to 85 mol % 13c is shown in 

Figure 43. The methoxy carbon is not observed since it is natural 

b d 13 13c 1' b 1 1 a un ance. C- coup 1ng causes an o vious oss in re ative inten-

sity and resolution. For example, the C-1 resonance is not only 

coupled to C-2 C1 J ) to produce a doublet, but at high levels of 
cc 

2 
enrichment it is also coupled to C-3 ( J ) 

cc 
3 

and C-4 ( J CC) • Since 

2 3 
JCC and JCC are both small (:5._ 1 Hz and < 5 Hz respectively (181, 182), 

the result is usually line broadening rather than line splitting. Of 

course, line broadening is more pronounced and line splitting is more 

complicated for non-terminal carbons. 
13 13 

For 16:0 FAME the C- C coup-

ling results in overlap of the C-2 and C-4 multiplets and of the C-3 

and C-15 multiplets. Such overlap usually precludes the determination 

of chemical shifts or enrichment levels. 

Figure 44 is the CMR spectrum of 18:2 FAME enriched to 84 mol %. 

13 13 
The double bond carbons (cS = .-vl28 ppm) are unresolved d)le to C- C 

coupling and the C-3 region (cS = rv24 ppm) is overlapped by C-11. 

Since the most intense peak (methylene resonance envelope, cS =,..,29 ppm) 

is produced by fewer carbons (compared to 16:0 FAME), there is an 

increase in the relative intensity of the other resonances (e.g., the 

terminal methyl). The chemical shifts from Figures 42, 43 and 44 are ... 
tabulated in Table XI. Values from the literature are included for 

comparison. 
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TABLE XI 

CHEJ'.HCAL SHIFTS FOR FAMES 

Carbon 
Position 

C-1 

C-2 

C-3 

C-4 

C-5 

C-6 

C-7 

C-8 

C-9 

C-10 

C-11 

C-12 

C-13 

C-14 

C-15 

C-16 

C-17 

C-18 

OCH3 

16:0 FAME 

174.19 

33.91 

24.78 

l 
29.0-29.5 

31.79 

22.55 

13.98 

51.27 

16:0 FAME 
Enriched 

(171,.3) 

..-v33. 5 

* 

I 
""29.5 

* 
I"V 22.5 

(13. 9) 

16: l FAME 
Ref(1) 

174.2 

34.0 

25.0 

27.2 

29.1 

79.1 

29.1 

29.7 

129.9 

129.9 

29.7 

29.1 

29.7 

31.8 

33. 7 

14.0 

51.1, 

* Peak overlap precluded ch~mica1 shift assignment. 
( ) Value is midpoint between dc>uhlet peaks. 

18:2 FAHE 
Enri.ched 

(17'•. 3) 

(3l•.O) 

* 

i 
..-v28.8 

t 
* 

127.6-]30.1 

127.6-130.1 

* 
127.6-130.1 

127.6-130.1 

* 
,....., 28.8 

* 
....... 22.4 

v •. o6 

18:2 ACID 
Ref(23) 

180.2 

13.8 

:!l,. ,, 

28.9 

28.9 

28.9 

29.4 

27.9 

129.G 

127.7 

25.3 

127.7 

129.8 

27.9 

28.9 

31. 3 

22.4 

13.8 

18:0 
Triglyceride 

Ref(23) 

nr, .. o 
v •. o 
24.8 

29.6 

31.8 

22.5 

13.9 

f-' 
0 
w 
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While it is sometimes possible to calculate the enrichment from an 

unresolved multiplet (183), in Figures 43 and 44 only the resonances of 

the terminal carbon atoms permit enrichment calculations. In Figure 45 

the multiplets of the terminal carbons are compared. The comparatively 

low sensitivity of the carboxyl carbon is due to a combination of 

partial saturation resulting from the large flip angle with an insuffi-

cient delay between pulses and the absence of NOE enhancement. The 

non-equal intensity of the doublet in the methyl resonances is the 

result of residual AB character (184) and must be taken into account 

when enrichment calculations are necessary for unresolved multiplets 

(183). 
1 

The JC-C values shown in Figure 45 are in agreement with 

values for similar molecular structures (185,186). 

A multiplet contains two types of information. First, the sum of 

the intensities of all the multiplet peaks is a function of the 13c 

enrichment at the site producing the resonance. (As noted earlier, 

the intensity is also a function of other factors.) Secondly, the 

intensity pattern of the multiplet is a function of the 13c enrichment 

of the carbon atoms bonded to the carbon producing the resonance. Thus, 

for the carboxyl resonance in Figure 45a the sum of the doublet inten-

sity divided by the total intensity corresponds to the enrichment at 

the C-2 position. So, for FAME highly enriched in 13c proton noise 

decoupled spectra will directly yield the enrichment for only two sites, 

namely, the C-2 carbon and the carbon adjacent to the terminal methyl. 

Since these sites are at opposite ends of the molecule, it can be ten-

tatively concluded from the calculated enrichments (see Figure 45) that 

within experimental error the labeling is uniform. Peak areas were 
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determined by carefully cutting and weighing each peak from Xerox 

copies of expanded spectra (187). 
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Admittedly, highly enriched FAME are a "worst case" for determining 

enrichment by CMR, but obtaining the enrichment of only two positions 

out of sixteen (or more) is not very satisfactory. Selective homonuclear 

decoupling of 13c resonances can be used to assist in the assignment of 

peaks (188,189) and might be used in certain cases to eliminate multi

plet overlap (190). However, this decoupling must be in addition to 

proton noise decoupling and instruments capable of such triple resonance 

experiments are not generally available. Indeed, neither of the instru

ments used in this study have this feature. 

Another peak assignment technique did lend itself to the purposes 

of this study; namely, the use of a paramagnetic shift reagent (PSR). 

The PSR is usually a chelate compound of a lanthanide element. Europium 

or praseodymium are usually the elements of choice because they pro

duce large shifts with a minimum of line broadening (191). For use 

in organic solvents the two ligands used most often are 2,2,6,6-tetra

methyl-3,5-heptanedione (thd) and 2,2-dimethyl-6,6,7,7,8,8,8-hepta

fluoro-3,5-octanedione (fod). Figure 46 is a diagram of metal complexes 

formed by these ligands (192). These metal complexes can coordinate 

with polar groups on a substrate molecule, and the internal field pro

duced by the unpaired electrons coordinated to the metal ion induces 

a change in the chemical shift for carbon positions near the polar 

group. The magnitude of the induced shift depends on the functional 

group and decreases in the order -NH2 < -OR < ~C=O < -0- < -co2R < -CN 

(193). Of course, variables that affect the stability of the 
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PSR-substrate complex (e.g., temperature, concentration and solvent) 

will also affect the magnitude of the induced shift. Hence, repro

ducing the same shift is quite difficult. To obviate this difficulty 

the induced shift is usually plotted vs the mole ratio of the PSR to 

substrate, and the induced shift is extrapolated to a ratio of one 

(e.g., 194). 

Since their introduction (195) PSRs have been widely used in pro

ton magnetic resonance and recently have received some use in CMR. 

Most CMR applications have been directed toward the assignment of peaks 

(194,196-199). The nature of the PSR-substrate interaction has also 

been probed (200). In the biosynthesis of hirsutic acid C from acetate 

labeled at a single position Eu(fod) 3 was used to demonstrate labeling 

at a specific molecular site (201). 

In this study the intent was to shift the C-2 multiplet enough 

so that the enrichment at C-1 and C-3 could be claculated. For this 

purpose an europium PSR was selected in order to produce a downfield 

shift (202) and minimize the magnitude of the required shift. A 

preliminary investigation was conducted in which small increments of 

Eu(thd) 3 were added to 1.5 ml chloroform-d containing 16:0 FAME. The 

first addition shifted the C-2 multiplet completely away from the C-14 

multiplet and shifted the C-3 multiplet enough to leave the C-15 multi

plet completely resolved. However, subsequent additions produced only 

minor increases in the induced shift, probably because of a failure to 

ensure anhydrous conditions (i.e., solvent and storage of the PSR) 

(203). 
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In an effort to resolve additional multiplets several changes were 

made. Eu(fod) 3 '.vas obtained, since it is a stronger Lewis acid and forms 

a stronger complex (204). Also, fod compounds are more soluble than thd 

compounds (192). Carbon tetrachloride was used, since the hydrogen 

bonding characteristic of chloroform competes with complex formation 

(198). The carbon tetrachloride was dried over Linde molecular sieve 

(5X) and the PSR was stored in vacuo over DrieRite between additions. 

A Varian XL-100 was used to obtain improved sensitivity and resolution, 

0 and the probe temperature was lowered to 15 C. 

Figure 47 through Figure 51 illustrate the effects of Eu(fod)3 on 

the CMR spectrum of enriched 16:0 FAME. Several features are readily 

apparent from these spectra. It is obvious by comparing the other 

spectra to Figure 47 that the PSR induces quite large shifts. Indeed, 

the C-1 multiplet is shifted beyond the spectral width and appears as 

a fold-over resonance in Figures 49 through 51. Even the C-4 multiplet 

is completely separated from the methylene envelope at high PSR-substrate 

ratios (Figure 51). 

However, line broadening limits the quantitative information that 

can be obtained by using PSRs. The multiplet structure for C-1 and C-2 

is lost at relatively low PSR-substrate ratios (see Figure 4.9). ~Vhen 

enough PSR is added to shift C-3 and C-4 away from the methylene enve-

lope, the multiplet lines are broadened so much that a quantitative 

calculation is impossible. Also, at high PSR concentrations field 

homogeneity deteriorates, and this results in side bands such as those 

for the carbon tetrachloride resonance (8 = 96 ppm) in Figure 51. 



C-16 

C-1 

·-1 

--~------- --~-- -- -- -~ - - T I I I 

200 160 120 
o (ppm} 

80 40 0 

Figure 47. 13 CMR Spectrum of C Enriched 16:0 FAME (Flip Angle = Lf50) 1-' 
1-' 
0 



C-16 

C-15 

C-2 

~------,---------~---------r--------~----------r---------T---------~----~---r---------.-------~ 

200 

Figure 48. 

160 120 80 40 

o (ppm) 

CHR Spectrum of 13c Enriched 16:0 FAM:E with Eu(fod) 3 (PSR/FAM:E Mole 
Ratio is 0.128, Flip Angle = 45°) 

0 

f-' 
f-' 
f-' 



C-16 

C-15 

C-2 
C-1 

..-----~ -- --------,----.----..----.,.-----....... -----. 
200 160 120 80 40 

Figure 49. 

8 (ppm) 

CMR Spectrum of 13c Enriched 16:0 FAME with Eu(fod) 3 (PSR/FAME Mole 
Ratio is 0.638, Flip Angle = 45°) 

0 

1-' 
1-' 
N 



C-16 

C-15 

J 
C-2 

C-1 

,---------------,-------,------.------.-------,------.------..,.-------y-------,.------.. 
200 160 

Figure 50. 

12.Q 80 40 
o (ppm) 

CMR Spectrum of 13c Enriched 16:0 FAME with Eu(fod) 3 (PSR/FAME 
Mole Ratio is 1.11, Flip Angle = 45°) 

0 

f-' 
f-' 
w 



200 160 

Figure 51. 

C-15 

C-4 

C-3 

C-2 

120 80 40 
8 (ppm) 

CMR Spectrum of 13c Enriched 16:0 FAME with Eu(fod) 3 (PSR/FAME 
Mole Ratio is 1.66, Flip Angle = 45°) 

C-16 

y 
Q 

f-1 
f-1 ..,.. 



ll5 

Conspicuously absent in Figures 48 through 51 are intense reso-

nances due to the PSR. Since the PSR ligand is natural abundance, it 

· · · f h 13c compr1ses a m1nor port1on o t e atoms present. The alkyl carbon 

resonances are obscured by the methylene envelope (198). The small broad 

resonance at o = 130 ppm is probably due to the fluorinated carbons 

(205). 

The use of PSRs with substrates having a high 13c content proved 

to be beneficial in several ways. A substrate that i.s highly enriched 

has a minimum of interference from PSR ligand resonances. Also, rather 

than extrapolating to a ratio of one, it was possible to measure induced 

shifts at a ratio greater than two (see Figure 52). The limited solu-

bility of PSRs (53) usually restricts experiments to relatively low 

ratios, since natural abundance spectra require much more substrate. 

For highly enriched substrates line broadening rather than PSR solu-

bility imposes a limit on the PSR-substrate ratio. Although the large 

ratios failed to provide additional information for the purposes of 

this study, they would be quite valuable for peak assignment studies. 

As expected (194,198,202) the magnitude of the induced shift falls 

off sharply for carbon atoms not adjacent to the site of complexation. 

Also as expected (194,198,202,204) the induced shift is nearly linear 

for small ratios. The formation of PSR dimers (207) contributes to non-

linearity at higher ratios. Substrate saturation by the PSR might also 

be expected to contribute to nonlinearity at higher ratios (204). 

When a carbon is coupled to two adjacent carbons, enrichment 

calculations become more involved. Figure 53 diagrams the splitting 
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pattern that produces the C-2 multiplet and it is seen that only the 

e lines and center c lines are not resolved. 

When the C-1 enrichment is a and the C-3 enrichment is S, the 

line intensities are related to enrichment values as follows: 

a = 1/2 a 

b = 1-a 

c = 1/2 a 1/2 B 

d 1/2 a (1-S) 

e = (1-a) · 1/2 B 

f = (1-a) (1-13) 

The measured peak intensities produce a set of equations that permit 

the calculation of enrichment values of a = .850 + .013* and B = .860 

+ .005.* 

Figure 54 diagrams the splitting pattern that produces the C-15 

multiplet. 
1 . 

Since the two JC-C values are nearly equal, lines e and d 

overlap and line f overlaps the two center c lines. When the C-16 

enrichment is a and the C-14 enrichment is B, the line intensities 

and enrichments are related as above. However, there is too much line 

overlap to calculate separate values for a and B. If it is assumed 

that a equals B, then a set of quadratic equations is produced. Solu-

tion of these equations gives an enrichment value of • 864 + . 004. ~~ 

These values confirm the earlier conclusion that the molecules are 

uniformly labeled. This is not surprising since the methyl palmitate 

was derived from algae that had been grown for five generations 

on carbon-13c dioxide. 

* The standard deviation was determined by measuring the area at least 
three times. 
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CHAPTER VI 

SUMMARY 

The primary objective of this study was to develop the procedures 

and delineate the calculations necessary to fully characterize bio

synthesized materials having a high 13c content. The biosynthesis des-

cribed in Chapter II provided the FAMEs, each of which had a unique 

13 
content. 

HPLC was used to purify the transesterified lipid extract. Silica 

columns effectively separated the FAMEs from pigments and other lipid 

material, but did not have the selectivity needed to separate the FAME 

mixture. For GC/MS analysis the FAME mixture was separated on an ion 

exchange column in the silver form (argentation chromatography) to 

effect a separation by the degree of unsaturation. To obtain pure, 

individual FAMEs for CMR analysis, the FAME mixture was separated on a 

reverse phase column (~Bondapak-Cl8). 

f . d h h 13 /12 f . . AVA experiments con 1rme t at t ere was C C ract1onat1on 

occurring on the GC colunn, so repetitive scans were taken as each GC 

peak eluted. Computer programs were written to integrate all molecular 

ions over the entire GC peak. In this way an accurate measure of the 

total 13c content was obtained. 

13 
CMR spectrometry was used to measure the C concentration at par-

ticular sites in the molecules. The use of paramagnetic shift reagents 

permitted quantative calculations for several resonances that could not 

120 
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have otherwise been analyzed. Within experimental error the FAMEs are 

uniformly labeled with 13c. 

The curve fitting and calculations discussed in Chapter IV are 

applicable to GC/MS data for any compound that exhibits a molecular 

ion, and in some fortuitous cases may be applicable to fragment ions. 

The computer programs could be stored in a GC/MS-computer system to 

provide virtually real-time analysis of 13c-enriched compounds. 

Th . 13c f h F.AME h 13 · e un1que content o eac suggest t at C label1ng 

would be a useful method to study the relative rates of synthesis of 

fatty acids and other classes of compounds. Using short culture times 

it should be possible to observe significant differences in the 13c 

concentration at various molecular sites. 
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LSMFT is a collection ol: Fortran programs combined into a system 

that permits a general approach to least squares problems. A comple.te. 

description may be obtained from the Program Library or C. R. Mcinteer, 

S-1, P. 0. Box 1663, Los Alamos Scientific Laboratories, Los Alamos, New 

Mexico 87 545. Only a brief, simplified description is presented ·here. 

For NPTS pairs of data points, (x.,y.), a curve of fitted if the 
~ ~ 

general form 

The user may select from a number of pre-written functions (F012 

shewed Gaussian) or supply a function written for the particular prob

* lem. The program determines values of P1 ,P2 , ... ,PNPARAM so as to 

minimize the difference function 
• 

NPTS 

L 
i=l 

In order to do this, initial values (supplied by the user) for the 

parameters are incremented until the percent change in all of the 

parameters is less than the value of TEST (specified by the user). 

The control cards used to fit the GC/MS data are listed on the 

following pages. 

* If a user-supplied function is used, the partial derivative of F with 
respect to each parameter must also be supplied. 



~0PfN(FS:Z~~LSQS,TVPE:SP,0AC=ZDn' 
~TF., 

JDPERM(FS:iMSLSGS,OAC:ZDn,FSI:ZFSI, 
~COPVFCT=Z~SLSQS,o:NCCD) 
~RfWJNDCNCCfl) 
~SET~(KfV:KCCF,Q:NCCD1 

!iFI-1. 
ll"TDENT Altl~ 

*l"rHERE.?. 

~Fv.. 

Subroutines for GS/MS 
Calculations, see 
Appendix B 

SET NPTS=30 NPARA~=S NV:2 $ 
SET FlXPAR:S PROPT=~ ~ 
SET ALGnR:MARQUAR FUNC:F012 DFUNC:DFAi2 ! 
READ TNPUT:LABELX i 

T!ME HI SECONI')S 
READ TNPUT:LABELY ! 

JON CURRENT 
READ TNPUT:TE~T $ 

! o'IHH'Jf•::ll 
CALL SUB:!SOTOPE $ 

Data Input 

CALL SUB:SWITCH ~ 
F!T AlGOR:MARQUAR S 
PLOT PLTDATA:TRUE PLTCF:TRUE IYVAR:1 7XVAR•2 $ 
(:ALL SUB=-KEEP $ 
tALl SUB:SWITCH S 
CALL SUB:CORRfC $ 
CALL SUB:ATOMS $ 
SET NPARAM:? NV:?. fUNC:FA01 DFUNC~DF0~1 $ 
READ JNPUT:LABELX $ 

TJMf OF SCAN CIN SECONDS' 
READ INPUT:LABELY i 

PER CENT OF MOLrCULAR IONS 
READ INPUT~T~ST $ 

1.AV10E;.3 
CALL SlJB:CVCLf $ 
FTT ALGOR:PACK~Lr, $ 
READ JNPUT:LABFLY $ 

ATOM PER CENT C~RBON•I3 
PLnT PLTD~TA:TRUE PLTCF:TRUF IYVAR:l JXVARe2 ~ 
SfT NPARAM:? NV:3 WOPT:? NW0PT:3 $ 
READ tNPUT:TEST ~ 
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1.111f'!WOIF~S 

l>E'T FtJNC:FCH1?. f)FUNC:Dff:H~2 $ 
READ !NPUT:LABELX $ 

NUMBER OF C!3 ATOMS TN MOLECULE 
REAO INPUT:LABELY $ 

RE"TfNT!O~! T!MF 
C:ALL SUB:SLClPF $ 
F17 $ 
PLOT PLTDATA:TRUF PLTCF:TRUE !YVARtl 1XVAR~2 ~ 
FTT FUNCtF0~l DFUNC:DF001 S 
P L 0 T P LTD AU c TRUE P L T C F:: T RlJf I V VA R: J 1 )( V A-1~111? $ 
SET lC~PLT:TRUE ~ 

PLOT ~LTDATA=TRUE PLTCF=TRUE lYVAR:J TXVARme S 
STOPS 
SF II.; 
SfJ; 
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c 
SUBRnUTINE SLOPE 

r. 
*C4l.l r.n"4"10N 

~OMHn~ /CXTRAIDATAC25 1 Q9),M(25l,PT(~5,oq),TIH!(9Q),N,NC,NP,NQ 1 
2NPEAK,CATOM,HAT00,0ATOM 1 AC,AH,AO,AOX,PREPCQ9,91,Nl,HEAD(B,?5), 
1SKEEPC2~l,TK[EP(qq),SP1(25),P2(25),SP2(2S],P~CZ5l,SP~C2S),BKG(QQ), 
4 FRAC(25,QQ),C:0M(4) 1 CPER(!.I<'I),NV!:RG(;:''l) 
DI~ENSI~N XLOGC(Qq),XENR(QQ),TlOG(9Q),TLOGKC25),TLO~UPC25) 

2.TLDGDC251,XNAT(~?) 
lX :: 1'1. 
lT :: NC+) 
()0 2 I:;, T! 
lX :: TX+NV[RG(]) 

2 CONTIIWr 
.JT :: NC+! 
NPT :: NC~·lw!X 
~l1'TS :: NC .. !•JX 
.Jx = r1 
,JJ = n 

1)(1 !;PI J::t,JT 
JX :: ,IX+! 
J,l :: J.l+ 1 
TF(NVCRGCJ+?l~fQ.l) GO Tn 2~ 
XC J,J, 1 l = H:EEP C JX+21 
XJ :: .JX•l 
X(JJ,?) :: XJ+TEST 
XCJJ,3) :: SKEEPCJX+2) 

r;o TO 30 
2Pl CONTT!Il!f 

J,l = J,J~1 
'iP> CONTTNliE 

PGCl):: TKftPC3l 
F'GC2l = •.001 
PRTNT ~61'1, PGCJ1,P~(2),NPT 

4bA FORMAT(/~/12X,?CE!4.7,4X),TG/I) 
PRINT ~7n, (X(I,?l,Xflr!,,X(!,!),Ia!,NPT) 

47~ FnRMATC4X,F6~A,4X,F8.?,4X,F6~3) 
RfTliRIJ 
f:NI) 
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c 
SURROUTl'tJE CYCLE 

•CALl. COMMOII 
~OMMON /fXTRA/DATAi25,QQ),~(2~),PT(~~,QQ),TTM!(QQ),N,NC,NP 1 NOr 

2NPEAK,CATOM,HATO~I,OATOM,AC,AH,A0,AOX,PREPCQQ,q~,NI,HEADC8r~5)r 

SSKffPC2~),TKr:F.P(Q9,,SP1C?~J,P?.(25),SP?(25),PQ(2~),SPI1(25),SKG(9Q)r 
4 FRAC(25,QQ),C0M(~J,C 0ER(QQ),NVERG(~5) 

DI.ENSJON XlOGC(QQ),XENR(QQ),TLOG(QQ),TLOGKC25)r1LOGUPC25) 
2,TLOGDC?.S~,XNATfQQ) 
~XTERNAL F0~t,DF00l 
lYVAR : 1 
PLTDAH: 
'OPTS : NO 
lXVAR : 2 
PtTCF: I 
NPT : ~JC+ 1 

Hl CONT!tJUE' 
NCVCLf : NCYCLE~l 
lF(NVFRG(NCYCLE•?l.EG.1l GO TO 1~ 
lF(NCYCLE.AT~NPT) GO TO 3B 
Do ?" 1 K= t, ~in 
X(!K,Il : FRAC(NCYCLE,IK)*l00• 
XCJK,?) : T!M!(1K) 

K : ~Jr.YCLEt?. 
DO 15 J:l,l! 
PTlTL[(J) : HEADCJ 1 K1 
T!TLf(Jl : HEAOrJ,K' 

!5 CONTlNUE' 
i?0 r:ONUNL'F 

PG(1) : X(l,i) 
PG(C') : ()((NO, I)•X(l, J))/(X(N0,2)•X(I,2)) 
CALL PACKAL~CFB~l,DF0~11 
CALl OUTPACK 
CALl PLTPACKrFA01, 
PRINT :??2 

?22 F'ORMAT{I/l 
GO Tr. H'l 

30 r:nNHNLif 
Dfl 35 ,J: I , NO 
X(\1, l l : CP!:RCJJ 
X ( J , i' l : T PI i C J , 

35 CONT]IIIU~ 
DO llf'.l J1=1 1 LI 
TTTLECJI1 : COM(Jl) 
PTJTLECJ11 : COMCJ1) 

40 CONTINUE" 
Pt:(l) : CPER(l) 
PG(2) : CCPfR(NO)•CPERC1))/(TJM1CNO)~TJMtCi)) 

SA CONTjNUE" 
RE'TLIRN 
END 
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c 
SUBROUTINE ATO~S 

r. 
C SUB~OUTJNE ATOMS US~S THf CORRECTED SPECTRUM TO CALCULATE THE PERCENT 
C OF NATURAL ABUNDANCE MATERIAL, THE 6VERALL ATOM PERCENT OF CARBON•ll 1 
C AND THE PERCENT OF EACH !SOTOPE !SOMER. 
c 

CO~MON /EXTRA/DATAC2S,Q9),MC2Sl,PTCz;,qq),TJMIC99),N,NC,NP,NO, 
2NPEAK 1 CATOM,H~TOM,OATOM,AC,AH,AO,AOX,PREPCQQ 1 9),N1 1 HEADCB,?S) 1 
3SKEEPC25lrTKfEP(Q9),SP!C?~l,P2f2S),flP?C2S),P~C25),SP~C25),8KGCQQ), 
4 FRACC25,Q9),CD~(~),CPER(9Q),NVERG(~~) 

DlMfNSJON XLOGCC99),XFNR(99),TLOG(99),TLOGKC2S1,1LbGUPC?Sl 
2tTLOGD(2~1,XNAT(99) 

NSPFC : 0 
1)0 l K:j,QQ 
XNA1' (K) : I'~ 
CPER(K)': 0. 
DO l t..:t ,215 

i FRACCI..,Kl : 0~ 
5 NSPEC : NSPEC + 

lFCNSPEC~GT.NP) GO TO 1~0 
TOTAL : 0. 
c 13 = 0. 
NX : NCO 

DO iA N111:'5,NX 
tA TOTAL : TOTAL + PTCNN,NSPEC) 

ANAT : PT(3,NSPECl*C1,+AC~(CATnM)+CAC*AC/2~l*C~TOMir(CATOM~I.l) 
XNAH~JSJ'F.C) : C ANAT IT OTAL) * Hll'! 
XFNRCNSPEC).: ((TOTAL•ANAT)/TOTAL)*!A0 
NO : NC+l 

DO ?.0 KK:t,ND 
t<P : KK+? 
FRACCKK,NSPFC) : PT(KP,NSP~C)/TbTAL 
AKK : KK•t 

?~ .CI3 : Ci3 +FRACCKK,NSPE'C)*AKK 
C.PcR(NSPFCl : (C!~/CATOM)*IA0 
XLOGC(NSPfC) : AL0~10CCPER(NSPE'C)) 
Gn To 5 

HlPi CONTJNUE' 
T7 M I ( NP) = 0: 
DO p; 1<1:3,NX 
I< : Kt•2 

IS TJMtCNP) : TJMJCNP) + CTKEEPCK'*PT(KirNP)/TOTAl, 
K2 : P.l 

!.A Ki? : K2+1 
1F(K2.GT~NP) GO TO 31 
1FCTJMtCK2l.E'Q~0~) GO TO 30 
TLOGCKi?) : ALDG10CTJM!CK2)) 
GO 1'0 311 

S1 CONTHWE' 
PRTNT 1.1~0 

400 FOR~AT{///qX,*C13 ATO~S·••,2Xr*P.I*rRX,•i•,RX,•?t,8X,•n•,RX,*I.i*'RX, 
2 ~s•,RX,•b•,AX,*~*•8X,•B•,8X,•q~r,8X,•IP.I*//tX,*SPECTRUM N0 1 */) 

DO IC'!! NSPtc:J,NP 
tnt PRINT 1.1~1, NSPEC,(FRACCKK,NSPfC),KK:1,jJ) 
lllll Ff'lR"'AT(·Sl(,yz, !?Xrli(Fb.5,3X)I) 

P.~TNT IJPI? 
~Hl2 F"()RMAT(//RX,•C:J3 ATC!MS••A 1 ?X 1 *ll*t7X 1 *!?t,7X,~r!3*r'1X 1 1ri4*'7X,*IS*r 

2 7X 1 •tb•,7X,•t7•,7X,•!Rt 1 7X 1 tlqt,TX,•?P.It//1Xr*SPECTRUM N0 1 */) 
DO JA1 NSP(C:J,NP 



1~3 PRJNT. 4~3, NSPrC,CFRACCKK,NSPfC),KK:i2,?1l 
4~3 FORMAT(SX,I2,l?X 1 l~(Fb,S 1 3X)/) 

PRtNT 1.1:'111 
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404 FORMAT(/11X 1 •5PECTRUM NO.•I4X,•PERCEN1 NATURAL*r3X,•PERCENT EN~JCH 
2CD•~~X,•ATOM PERCENT Cl3*r3X,•lDGl0 AT0Mt,6X,•TJME To•,~lr*LOGIA T 
31ME*) 

PRJNT 41'15 
U05 FORMATClSX,•ABUNDANCE MATERJAl*rTX,•MATERIAL*,?UX,•PERCENT C13* 1 

26Xr*POINT*) 
DO iAb NSPfC=!rNP 

106 PRJNT 1.11'!&, NSPEC,XNATCNS?EC),XENRCNSPEC)ICPERC~SPEC11XLOGCCNSPEC), 
2T!M1(NSPEC1,TLOGCNSPECl 

u~16 FORMA r c 1 o:;x, 1 <' 1 1 u x 1 F b. 3, 12x, F b. 3, i 1 x 1 r7. 3, 1 i x 1 F7. u, 'TX, F 6 ,Ill 1 ax 1 F 7. s l 
00 IH TND=t, t~ 
JFCTKFEPClNQ).EQ.0.) GO TO S~ 
TLOGKC!NQ) : ALOG1~CTKEEPCTN0)) 

50 CONrJNUE 
TUP : TKEEPC!ND,+SKEEPCINO) 
lFCTUP:Eo.~.) GO TO S? 
T~OGUPCINO) : ALOG!IIJCTUP) 

52 CONTJNUf 
TOO~N : TKEEPClND)•SKEEPCJND) 
tFCTDOwN:EQ~~.l GO TO 511 
TLOGDC!ND) : ALOGI~(TDOWN) 

54 CONTJNUF 
47 CONTTNUE' 

PRJNT 4PI7 
407 FORMAT(/1/I?.XI*NOMTNAl MASS•I3XI*MEAN T!ME•I3X,•STO, OEV~•~ax, 

2 *LOG1~*~7X 1 *LDG10*17Xt*LOG1~*/44X,•MEAN TIME•,3X,•LIM11 UPt,SX, 
3 *LIMTT DOWN•!) 

DO !IllS NEw~i,N 
108 PRJNT 4P1Rr M(NEW) 1 TKEEPCNEW) 1 SKEEPCNEW) 1 TLOGKCNEW),TLOGUPCNEW), 

2 TLOGOCNEIII) 
4PIR FORMATC/bX,J3,RXIF8.2,4X,F7,3,qXIF7.S,4X,FT,S,4X,PT 1 5) 

PRINT 40C'I 
46A FORMATC//!qX1*A~EA UNDER•,3X,•STD. DEV,tlbX,•SIGMA•,3X,•STD, DEVo* 

2 /?.JX,•CURVE•17X,•OF AREA• 1 15X,•OF SIGMA•//) 
DO 71'! NTP:J,N 

7~ PRT~T 1.17~, HF.ADC1 1 NIP) 1 PTCNTP 1 NP),SPl(NJP) 1 P?CNJP) 1 5P?CN!P) 
470 FORMAT(1XrAIPir4X,F13~?,?XIFq.3,4XIF843 1 3X,F8~4l 

NCYCLE : PI 
RfTURN 
END 
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r: 
SUBROUTTNE CORREC 

c: 
C SUBROUTINE CORRfC SUBTRACTS THE CONTRIBUTION OF H? 1 017 1 AND OIA 
C FROM EACH PfAK TD PRODUCE A CORRECTED SPECTRUM, !T A~SO SUBTRACTS THE Cl3 
C CONTRTBUT!ON OF THE MfTHOXY CARBON. 
r. 

COMMON /EXTRA IDA T A (?5 1 q Q l , M ( ?.'5) , P T ( 25, qq) , T 1M I ( qq) , N, NC, NP 1 NOr 
2NPEAK,CATOM 1 HATOM,bATOM,AC,AH,AO,AOX,PREPCQQ,q),NI,HFAD(8,?5) 1 
1SKEEP(25J,TKFEPCQCl),SP1(25l,P?C25l,SP?C25l,P~C?Sl,SPaC25),BKGCClq,, 
4 FRACC2S,QCl),C0M[4) 1 CPER(C!Cl),NVERG[~5l 

DJMENS!ON XtOGC(QQ) 1 XENR(ClQ) 1 Tl0G[QQ,,TLbGKC25)rTLOGUP[?5J 
2tTLDGDC?Sl,XNAT(Qq) 

PRTNT 41111 
4nl FORMAT(///2X,•NOMJNAL MASSt 1 t0X,*CALCULATED FROM CURVES~/) 

.J2 = 1'1 
4 J 1 c J ?•1 

J? : Jj+C 
1FCJ?..GT~N0l J?:NO 
Dn 6 J:!,N 

6 PRINT 41116 1 (M(!J,(PT(J,J) 1 JiJ] 1 J?)) 
406 FORMATC5Xt!3,RX,10CF7.1,3X)) 

PRT!VT t~~7 
407 FOR"'ATC///) 

tFCJ2.Nf~NOl GO TO a 
PRJ~T a~R, (M[IJ,PT[!,NP) 1 7:j,N) 

408 FORMAT[SX,T3,RX,El5.6l 
CF1 : •H*HATOM+AD*OATOM+AC~t: 
Al :OATOM*(AOX+(OATOM•l.)*AD•A0/2,) 
A2: H~TOM*(HATOM•J.)*AH*AH/2, 
A3 : OATOM*AO*HATOM•AH 
Aa : Ar*t•*(AH•HATOM+AO*OATOM) 
CF?. : AI+A?+A3+A4 

00 13 J:t,NP 
[lO 13 1:3,N 

TN : 1•1 
JM : 7•2 
CN : PT(TN,Jl*CFl 
(':M : PT(]M,J)*Cf? 
)f(PT(! 1 J1~fQ.A.) GO TO l! 
PT(J,J) : PT(l 1 J)•CN•CM 

!3 CONTINUE" 
PRJNT 4it'l 

4!~ FORMATC//12X,*NOMINAL MASS•,jex,*C6RRfCTED PEAK JNTENS!TIES•/) 
J2 =P.I 

lll'l Jl = J.?+l 
J2 = ,JJ+!.I 
IFCJ2.GT~NO) J?:NO 

DO Ill 1:1, N 
41 PRTNT 411 1 (MC]l,(PT(J,J),JiJI,J?)) 

4!i FORMAT(5Xr!3 1 RX,i~CF7 1 J,3X)) 
PRJNT ll!? 

412 FORMAT(///) 
TFCJ2.Nf:NO) GO TO 40 
PPJNT ft13, (M(T1,PT(I 1 NPi,J:J,N) 

413 FORMAT(5X,T1,RX,E!S.6l 
RflURN 
fii:D 



r. 
c 

c: 
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SUBROUTTNE KfE'P 

~:CALL COM!-10N 
COM~ON /fXTRAIDATA(2~,99),M(25),PT(!5,oo),TJHl[Qo),N,NC,NP,NO, 

2NPEAK,CATDM,HATDM 1 0ATOM,AC,AH,AO,AOX,PREP[Qo,o,,Nl,HfADC8,25), 
lSKEEPC25),TKfEPC99l 1 SP!C?5l,P2C25),SP?C?5),PQ(25l 1 SPQ(25},BKGf9o), 
4 FRAC(?5,oo),C0M(4l,CPER(Qo),NVERGC!5) 

DlMENSTON Xt0GCC99l,XE~R[9o),Tl0G(oo),TLDGKC~51,1LOGUPC2Sl 
2rTLOGD(25),XNAT(99) 

lFC.NOT.r.ONVE"RGl Gn TO /J0 
C:HECK1: PRfPC~ii 1 1}/P(1l 

JFCCHE"r.~t,LT~.Al~OR.CHfCK\,GT,l~~.) GO TO 40 
CHECK? : PREP(NI,?)/P(?l 
IFCC~E"CK2.LT~.Al,OR.CHECK2.G1,!~0,) GO TO 40 
C:HfCK3 : PREP(Nj,3)/P(3) 
IFCCHECK~.LT~.Al.OR.CHECK3,GT.t00,) GO TO 40 
1'0 50 JJ:t,NO 
PTCNJ,TJl : CFCJJ) 

S~ CONTINUE 
PiPJl,NP) : PCJ) 
TKEEPCI-11) : PC3l 
SKEfP(Ntl : SIG~AP(3) 
SPl(Nl) : S!GMAF'{l) 
f'2(N!) : P((') 
SP?.CNl) : STGMAPC?l 
PIJ(!v!) : P(~D 

SP4(NI) : S!GMAP(Q) 
Gn Tn to~ 

U~ CONTINUE' 
NVfRGCNl) : j 
on 3~ !K=l.~m 
Pi(N!,!K) : DATA(N!,lK) 

lt'l CON1'! NUf 
Pi(~'J 1 MP] : ~. 

TKFEP(IIl) :B. 
SKfE'P(Nl) : 1-l. 

I> VI CONT J rJllf 
RfTURN 
fND 
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r: 
StJBRnUTJNE SWITCH 

c 
*CALl COMMON 

CO~MON /EXTRAIDATAf25,oo) 1 M[!~),PT(?5 1 DQ,,T1M1(9o),N,NC,NP,Nb 1 
2NPEAK,CATDM,HATOM,OATO~,AC,AH,AO,AOX,PREPC9o,9),N!,HEADCR 1 ?5)r 
3SKEFPC?Sl,TKrEP(oo),SP!C?Sl,P2C25),SP2(25),P~C2Sl,SP~(2S),BKGCD9), 
n FRAC(25,9o),C0MCGl,CPER(o9l,NVERGC25) 

D I M·F N S r 0 N XL OG C (co) , X E NRC qq) , Tl OG C qq), TL. OGK ( 25 l , TL OGUP C ZS) 
2tTLOGD!25l,XNAT(99) . 

EXTERNAL F~!?,DF~\2 
PLTDATA e 1 
PLTCF e 1 
!YVAR : 1 
lXVAR e 2 
lKEY : PI 
NPTS : NO 
1F(NJ.EQ~0) GO TO 1e 
lFC.NOT.CDNVERG' NVERGCN!) -

10 Nl : Nl+i 
lFCNJ.GT:Nl GO TO 55 
Dn 20 j~~=I,HO 
X{1N,1) e !'J~.TA(N1 1 lNl 
X(Jt-.J 1 ?l : TJ"fl ON) 

2fil COH1'JNUE 
DO 3~ LNe\,NPARAM 

!A PGCLN) : PRFPCNJ,LN) 
on ap, r:j,a 

4A TTTlECTl : HEADC!rNll 
PR!NT UvHlr TITLE 

400 FORMAT(//12X,•II////////////////)/~,bX,8A1~) 
DO 44 l= l, ll 

44 PT!Tlff!l : HEADCI,Nll 
JF(Nj.rQ:t:AND.JKEY.EQ,@) GO Tn qq 
CALl M/.PQIJAI'<(FC1? 1 1)F'~!2) 
lFC.NOT.CONVERG.AND.IKEY.EQ,0) CALL PLTPACKCF~t2l 
lF(.NOT.CONVERGl NVERGCN!)e! 
tF(JKEY.EQ~0~AND.NVFRG(Ntl.EQ.t) GO TO I~ 
C:All KE:EP 
IFCJKEY.EG~~1 GC Tn 10 
CALl OUTPACK 
CALL PLTPACKCF@12) 
Gt'l TO 1~ 

1)5 CONTINUE 
JFCJKEY.NE~~l GO Tn 99 
PRJNT 057 

115'7 FORMAT(/1/I.IX,•NOMJNAL MASS•,4X,.-SKEW fACTOih,aX,t:STD DEV OF S,F,*) 
Nl c N-1 
PRJNTI.ISR, CMCIKl,PDCIKl,SP~(IK),JK~3,Nil 

1158 fORMATC8XrT3,JJX,F6.4,1?X,F6.4) 
ws s "'· WSKEW : ~. 
roo : NC+I 
DO 6A t<:t,JDO 
JF(NVERG(K+?l.FQ.Il GO Tt'l 60 
WX : t.ICSPa(K+?)*SP4CK+2)) 
WS : wS+WX 
~SKEW : WSKf~+~X*P4(K+?) 

b~ CONTINUE' 
WSKFW : WSKEw/WS 



DO 71'1 J::i,N 
PREP(J,u) :: WSKEW 
lF(NVF.RG(.J).F.Q.tl f.fJ TO 65 
PRF.P(J,l) :: PT(J,NP) 
PREP(J,2) :: P?(Jl 
PRFP(J,3l :: TKEEPCJ) 

65 CONTTNUE" 
NVE'RG(J) ::t:J 

'10 CONTINUE 
DO zq !NN:i,N 
PRJNT 20Q,(PREPCINN,Jl,J:t,NPARAM),NVFRGC!NN) 

2CI CONT!NUE 
2~Q rORMATCFt0.0,rS.i,FS.0,F7,~,F3.0,It~) 

FJXPAR(ll) :: t1 
TEST :: t:0t:l0t:l~E~5 
N! :: 0 
lKEY :: 1 
GO HI HI 

qq CONTINUE 
RE'TURN 
END 
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c 
SUBROUTiNE ISOTOPE 

r: 
•CAll COMMON 

COM~ON /fXTRA/DATA(?S,o9) 1 MC2S),PT(~~.oo) 1 T7~t(oo),N,NC,NP,NO, 
2NPEAK,CATOM,HATOM 1 nATOM,AC,AH,AD,AOX,PREPCoo,o),Nl,HEAOC8,?5) 1 

3SKEEPC2Sl,TKEEPCoo,,SP1C?5),P?C25l,SP?C25),Pa(25) 1 SPaC2S),BKGCoo), 
4 FRACC25,9ol,COM(a),CPERCoo),NVERGC~5) 

OJMENSJON XL~GCCoo) 1 XENR(oo),TLOGC~o) 1 TLOGKC25,,TLOGUP!~S) 
2rTLOGD(25),XNATCo9) 

AC = I~ C'IR0E.,PJ2 
AH : 1~6APJ3E•Pltl 
AO : 3.·'1003E"•I'I'I 
AOX : 2.PJPJtJAE•~3 
READ ?0~, NPFAK,NO,CATOM,HAThM,OATOM,CCOM(T),I:!,a) 

?~~ FORMATC!3rtX,!?,?X,3CF2.PJ 1 lX) 1 6~10) 
PRJNT tJSPJ, CCOM(!),!:l,~) 

a5PJ FoR MU c 111 O=======r==*, zx, a A 1 "''ax, • ;':iS.1n:iti:=~•cnii:ir-i:••-=c*) 
NC c CATOM 
N c 4tNC 
RfAD ?02, CBKG(J),J:j,N) 
RE t.r> ""' t, or M J c u, L c 1, ~1tn 

?Oi FORMATC!2F6.PJ) 
DO 22 J,J:j,NO 

22 READ ?02,CDATAC1I,JJ) 1 1I:!,N) 
?n2 FORMAT(14F5.~l 

DO 25 JD:!,NO 
DO ?.5 !D=1 1 N 
tF(DATACJD,JDl.LT.t0e~.l GO TO 33 
lFCDATAC!D,JDJ.LT.?0~~.J GO TO 3Q 
GO TO 35 

33 DATAC!D,JD) : DAiAC!D,JD)/10~ 
GO TO 25 

54 DATA(!D,JD) c DATACID,JD)•l~~0~ 
GO TC'l ?5 

35 DATACID,JDJ : CDATAC!D,J0)•?~00.)ll0~ 
?5 CO NT! NUE" 

DO ?6 J:l,~l 
00 26 K:t,NO 
DATACJ,K) : DATACJ,K)•(BKG(J)It~.) 

JF(DATA(J,K1.LT~0.) DATA(J,KJ=~~ 
2b CONTINUE 

MC!hNPEAK•2 
DO ?7 JI:2, N 

?1 MCJI) c MCJ!•1)+1 
HfD : bH MASS 
HD c tH, 
~EAD~btll ~ ~0HII/~IIIIII 
HFADC7rll : !PJHI/11111111 

1?8 FORMAT(Ab,Jl,AJ) 
DO ?R rl:t,~l 
NVERGC!n :: PJ 
HEA~(b,!!l :: HEADC6 1 1) 
HtADC7,TI> = H£ADC7 1 1l 
rNr.ODEC1PJ,t2~,HEADf1,Jf)) HED,MCJI),HD 

DO ?A J:2,4 I, 
HEAD(J,Jl) : COM(J) 

?R COI\!TJNUE" 
PRINT tJ'il 

4~1 FORMAT(I/2X,*NOMJNAL MASS• 1 10X,,JNPUT DATA FOR PEAK JNTENS]TJES•I) 



J2 =0 
50 ,Jt = J2+! 

J2 : JH~ 
lFCJ~~GT~NO) J?:NO 
D 0 52 Tl:: I I ~l 

~2 PRJNT ~52, (~(11) 1 CDATACl!,JJ},JJiJl,J2}, 
452 FORMAT(SX,T3,BX 1 10CF7,1 1 ~X)) 

PRINT ~53 
liS3 FnRMAT (II;, 

1FCJ2.Nf~NO) GO TO 50 
NNO : N0/2 
TJM?: CTlM!rNO,•TlMl(t))lll, 
DO ?CI !NN:j,N 
PRE'P(!NN,!} : DATA(1NN,NN0)•60. 
lFCDATAfiNN 1 NNOl.EG.0,1 PREP(JNN,l) : 60~ 
PRf.P(JNN,?) : T!M? 
PREP(!NN,3) :: T!Ml (NNO) 
PREPCINN,ll) : .~01 
PREP(!NN,S) : e. 
PRfNT 2~C/ 1 (PREPCJNN,J),J;t,NPARAM) 

?C/ CONTJNUE" 
2~9 FORMATCFt0~0,FS,i,FS.0,F7,U,F~~0} 

NP : NO+ 1 
Nt ~ 1'1 
RE'TURN 
END 
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