
S Pzc.rRoscovr is now a word familiar to almost all fatty acid and lipid chemists. Probably somewhere in a 
majority of reports of research in the field of fats and oils 
the word spectroscopy will be found. But while readily 
recognized, the exact connotation is not the same to all 
research workers. To the chemist concerned with oil or 
soap color, spectroscopy means visible absorption of a 
liquid or visible reflectance of a solid. To one interested in 
autoxidation effects, spectroscopy may mean spectroehcmieal 
analysis by UV emL~ion spectroscopy or by atomic 
absorption spect1~)scopy or by X-ray fluorescence spectros- 
copy, to determine the extent or confirm the absence of 
trace metals which promote oxidation. Until a few years 
ago, spectroscopy to most oil chemists meant UV absorp- 
tion, a means for detecting and measuring the extent of 
conjugation effects. More recently IR absorption spectro- 
photometry has become the eoncept oil chemists associate 
with the word spectroscopy. Following its extremely ef- 
fective use by organic chemists in many areas, we may ex- 
pect nuclear magnetic resonance (NMR) spectroscopy to 
become, in its turn, the popular use of the word spectros- 
copy. If we consider each of the subdivisions of the electro- 
magnetic spectrum from long, low-energy radio waves to 
the short high-energy gamma radiation, and if we consider 
the ways in which these radiations may be used in analytical 
spectroscopy, i.e. emitted, absorbed, reflected, scattered, e, tc., 
it can be shown that there are some 30 divisions of spectros- 
copy, each of potential value to the research worker. Thus, 
spectroscopy means many thingg~ Ix) many fa t ty  acid and 
l ipid chemists. 

NMR spectroscopy is the newest division of spectroscopy 
to gain consideration by analytical chemists and by organic 
chemists. Its sueee~, to augment the better-known IR and 
UV speetrophotometry in ore-ante chemistry, mean.q that a 
continual growth in popular i ty  by tile oil elwmist interested 
in analyses os mixtures or ill lnolecular structures of com- 
ponents is assured. Along with this increased einphasis on 
applicat ions of NM t{ ,apectroseopy, there has been a pa ra lM 
interest by the oil chemist in ()lie of tile ohter branches or' 
spectroscopy, which heretofore has played little or lm role 
in the rapid technological adwnice.~ in fa t ty  acid chemistry 
which have occurred during the past few decades. Mass 
spectroscopy has heen used for  over 50 years and has at- 
tained in some applieat ions a position of considerabh, de- 
pendence in solving problems in :tnalytieal chemistry, t tow- 
ever, it has not heretofore been used by oil (.hemists, except 
in very isolated experiments.  The reasons for this slow 
development will appear  whell we consider tile techniques 
and the deveh)pment of mass spectroscopy a,~ another tool 
for the analytical ehemist. 

In  mass speetroscol)Y, the molecules of the sample being 
analyzed are bomharded by a stream of electrons. The sam- 
pie must be in the gaseous phase, nmst be at low pressure, 
and the energy of the electrons must be far  ffreater than 
that  needed t'(,r the mere removal of an electron t.r(tlll tilt' 
molecules. The. iml)aet energies usually employed are t'ar in 
excess of the ionization potential of tile nloleeulc or fro" any 
probably excitation. Under  these conditions, the Fram,k- 
Condon l ' r ine i lde  calls for  the least change in the l)ositi(,ns 
and momenta, of the nuelei at the time of impact. In gcn- 
erat then, as a result of ele('tron bombardment,  there nlay 
be neutral molecules in an exciLed state, neutral i 'ragmel,ts, 
negative ions and positive ions. These products may be 
stable or metastahle and may have excess electronic; rota- 
tional, vibrational or kinetic energy. Of all these produ(.ts, 
mass speetr,mletry ordinari ly deals only with the ions with 
It positive eharge 

The processes by which the t.ragments are formed hy 
bombardment of organic lmllecu!e.~ hy a stream of high en- 
ergy eleetr(nts is very c()mph.x and in many cases not 
entirely understood. In the case of vibrat iomd-rotat ional  
spectra of I R  spectrophotometry relatively simple formulas 
give the cxa , t  innnher of fundamental  absorl)tion hands. 
l towever,  in any actual l l t  spectrum, the api)earan<.e of 
mnnerous combination hands, difference hands and ,ver -  
t,me bands make any application of such a siml)le (.aleula- 
lion of no partieu',ar wi',m: to the analytical chemist. S ,  
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in mass spectroscopy, the fragments which might be ex- 
pected from ionization and breakage of chemical bonds are 
augmented by ions formed by rearrangements at the mo- 
ment of fragmentation or by the spontaneous decomposition 
. t '  metastable ions. Again, as in IR absorption .spectra, 
the.se rearranged and metastabh, ion~ have, when once prop-  
crly interpreted,  led to eonciusion,~ of par t icular  wdue in 
elucidation of molecular spectra. 

Tile positiw, ion fragments are separated, either by the 
path they follow ill a magnetic field (magnetic spectron, ,-  
ter) or by the tinlc they require to traverse a free field 
(tinw-of-ttight sl)ectrolneter), according to their  mass, or 
more strictly according to the ratio of their mass to their 
,.hano.e, m/e,  knowli in mass spe(.tronwtry as the specitie 
mas~. I f  t 'ragnmnts with different specific masses are 
brought .successively to a slit, and their intensities ,neas- 
urcd with a suitable detector, a spectrum with one pararneter 
the value of the ratio m/e  and the other the i . tens i ty  at 
this specific mass will be obtained. Although not employing 
radiation ill tile electroinagnetic spectrmn, such a pattern,  
intensity as a function of specific mass, is known as a mass 
spectrum and the process has always been considered a 
branch of spectroscopy. 

A mass speetronwter consists essentially of t ' .ur  related 
components, t"irst is tile inlet or sample hamlling system. 
It' tile samph, is a gas, this part  of the instrument  can be 
quite simple. However, it' solid samples of relatively high 
volatili ty are. to be analyzed, the inlet system hecomes a 
somewhat c .mph.x device to vaporize the sample and to 
effect its flow into the l ,w pressure ionization chamber. The 
i,mization chandler is the .secollll I/Ptiil component of the 
speetrow.eter. The gas o,.' vapor  reaches this area by pres- 
.sure differential through a leak orifice. Within  the ioniza- 
ti(m chamber, the molecules of the sample arc bombarded by 
all electron beam forlned by electrons emitted from a hot 
filament. By a voltage impressed upon them, the positive 
ions are then drawn out oi; this ehmnber and t.urther ae- 
~.elerated by It relatively high voltage between plates within 
the chamber, r.rhe third component of the spectrometer is 
the analyzer tube where the accelerated postive ions are 
.separated either by the influence of a uniform magnetic 
field or by the time required for  them to traverse a free, 
field. The overall  effect is to segregate the heterogeneous ion 
heath into a fan of ion beams, each of which contains ions 
. f  one specific mass only. These helms are swept across an 
t.xit slit in such a manner that each beam in succession im- 
pinges on a target  or collector where it gives up its charge, 
producing a weak current  which is first amplified and then 
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conducted to a recorder sy.stem. The 
recorder thus indicates the intensity of 
the amplified current, dependent in 
turn on the number of ions of specific 
mass impinging upon the target at any 
given time, as ions of increasing spe- 
cific mass successively reach the target. 
Thus, a record of intensity of beam of 
a specific mass is plotted as a function 
of the specific mass. This is the mass 
spectra of the sample. 

While the pattern of the nature of 
the ions and of their relative abun- 
dance is complex, for a given value of 
the uniform magnetic field and for a 
specific value of the voltage impressed 
between the plates within the ioniza- 
tion chamber, it is dependent upon the 
molecule bombarded. Thus, the mass 
spectrum of a molecule is uniquely 
characteristic of the molecule and, in 
general, two compounds that are struc- 
turally different will give different 
fragmentation patterns, or different 
mass spectra. The mass spectrum is, 
therefore, .somewhat like an IR spec- 
trum, a fingerprint of the specific 
molecule. 

As mass spectrometry has been 
employed in specific applications, i.e., 
analysis and control of petroleum dis- 
tillates, for decades, and as it obviously 
appears to offer advantages to research 
and analysis of fatty acids and their de- 
rivatives, the reader will question why 
we have not long ago seen specific ap- 
plications to fatty acid chemistry. The 
answer lies in the fact that highly pre- 
cise instruments, adopted for use with 
high-mass ions are necessary to investi- 
gate long-chain fatty acids, esters, tri- 
glycerides and their various derivatives. 
As the sample in mass spectroscopy 
must be in the gaseous phase, the 
techniques, quite naturally, were first 
adapted to investigations of gases and 
later to materials which volatilize read- 
ily. Only within about the last 10-12 
years has the technique been extended 
successfully to the analysis of com- 
pounds of tool wt in the range 300 of 
the long-chain fatty acids and esters to 
600 of the triglycerides. A first require- 
ment was the introduction of a heated 
inlet system which would permit a solid 
sample to be vaporized and allow a 
small quantity of the resulting vapor 
to be conducted through the gold leak 
system to the low pressure ionization 
system. Instrmnents, with innovations 
which included heated inlet system de- 
signed to permit this operation, were 
first described in the early 1950's but 
they did not become immediately com- 
mercially available. Nor were the prob- 
lems of dealing with molecules of high 
mass solved solely with the introduc- 
tion of successfully heated inlet sys- 
tems. At higher masses, resolution be- 
comes more difficult. In the specific 
mass range to 100, to separate each 
specific mass unit requires a resolution 
of only 1%. At .specific masses of 600, 
one part in 600 is necessary to obtain 
the same resolution, separation of one 

(Continued from page 4) 

specific mass unit. An additional dif- 
ficult problem is the slow outgassing 
of the source after each .sample is 
loaded when samples of low volatility 
are analyzed. So-called memory ef- 
fects, from accumulated residues in 
the ion source from previous samples, 
create a serious problem in applica- 
tions of mass spectrometry to molecules 
of high mass. I t  is mainly advances in 
these areas which have recreated an in- 
terest in the potential applications of 
mass spectrometry to problems in the 
field of vegetable and aninlal fats, 
lipid chemistry and problems concern- 
ing the composition of natural oil- 
containing connuodities. 

In 1959, Ragnar Ryhage with the 
Laboratory for Mass Spectrometry, 
Kemiska Institutionen I Karolinski In- 
stitutet in Stockholm, described a mass 
spectrometer which made ltse of an 
inlet system which could be operated 
at temp up to 400C, pernfitting meas- 
urement of compounds with mol wt 
up to 619 (n-tetratetraeontane). Pro- 
visions for adjustment of the magnetic 
current over the range of 0.3-4 amp, 
changing the magnetic field from 650- 
7700 gauss, provided a range sufficient 
to cover a mass number from ca. 4-580 
with satisfactory resolution. At the 
time the description of the instrument 
was published, the authors claimed to 
have measured 450 mass spectra of 
long-chain compounds, including a 
number of long-chain alcohols, a few 
fatty acids, rosin acids, bile acids and 
sterols. Based on this experience, the 
the instrument was improved by rede- 
sign of the sample inlet and the vac- 
uum systems and by improvements in 
the ion source, the collector and the 
analyzer tube. 

Ryhage collaborated with Einar  
Stenhagen, a colleague from the De- 
partment of Medical Biochemistry, In- 
stitute of Medical Chemistry, Univer- 
sity of Uppsala, in a systematic survey 
of the mass spectra of pure compounds 
of interest to the fatty acid chemist. 
They found that while they could ob- 
tain satisfactory .spectra of the free 
long-chain fatty acids, the methyl 
esters were more volatile and less sub- 
ject to thermal decomposition than the 
corresponding free acids and are, 
therefore, better suited for mass spec- 
trometric analy.sis. Triglycerides have 
been investigated only in a preliminary 
manner, as considerable experimental 
difficulties are encountered. These com- 
pounds are difficult to pump out from 
the mass spectrometer and tend to give 
persistent "memory effects." However, 
as satisfactory methods are now readily 
available to convert either the free 
fatty acids or the glycerides to their 
methyl esters, most mass spectroscopy 
studies have been made using the 
methyl esters. One point of particular 
interest should perhaps be mentioned 
which has been obtained from only the 
preliminary investigations of the direct 
measurement of the mass spectra of 
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triglycerides. In these spectra, intense 
peaks are found at .specific mass num- 
bers m / e = M - - 1 7 1  and M - - 1 9 9  
(where M is the specific mass of the 
molecule-ion or parent peak, that is 
the tool wt of the compound under 
investigation). These two peaks arise 
from ions formed with loss of' aeyloxy 
groups from the molecule-ion. A peak 
is also found at specific mass m/e = 
M -- (171 -F- 14), but no corresponding 
peak is found at m/e = 5 1 -  (199 + 
14). Loss of acyloxynlethylene thus 
occurs from positions 1 and 3, but 
not from position 2 of the glycerol 
moiety. Thus, mass spectra, obtained 
directly from the triglycerides, appears 
to be a potential mean.s of differentiat- 
ing the acyl groups attached at posi- 
tion 2 from those at positions 1 and 3. 

Ryhage and Stenhagen, with col  
leagues fr<un their respective institu- 
tions and in collaboration with Bo 
Halgren and Nguyen Dinh-Nguyen 
from the Institute of Medical Bioehem- 
ish3", Gothenburg, published during 
the period 1957 to the present approx 
40 papers dealing with fatty aeid com- 
pounds, mo.stly as methyl esters. These 
papers constitute a comprehensive sur- 
vey of the mass spectra eharacteristic 
of fatty acid derivatives, illustrate the 
advantages of mass spectroscopy in- 
vestigations in research on fatty acid 
materials, and open up the potentials 
of this tool to research investigations 
of natm'al commodities in the areas 
of fatty acid and lipid chemistry. 

Before commenting further on these 
outstanding' contributions of the Swed- 
ish workers, it is interesting to note 
that one of the early applications of 
mass spectroscopy which has been 
quoted to illustrate the usefulne.ss of 
the technique involves fatty acid chem- 
istry. Twenty years ago S. Weinhouse, 
G. Medes and N. F. Floyd used mass 
spectroscopy to settle an important 
question regarding the mechanism of 
fatty acid metabolism. As high mass 
spectrometers were not available, the 
work involved mass spectroscopie anal- 
ysis of pyrolysis products. Up to the 
time of these experiments there were 
three proposed mechanisms of fatty 
acid metabolism, each giving rise to 
the same end products, the ketone bod- 
ies. The first of these was the classical 
theory of B-oxidation which assumed 
successive B-oxidations along' the fatty 
acid chain, the last four carbons giving 
rise to acetoacetic acid. The first step 
in the oxidation of octanoic acid, stud- 
ied by Weinhouse and his colleagues, 
according" to this theory would be the 
splitting' off of the carboxyl group and 
the adjacent carbon atom. I f  the car- 
boxyl group carbon were labeled with 
C ~, the acetoacctic acid formed by this 
proposed mechanisnl would eontain no 
excess C ~ (above natural abundance). 
A second hypothesis, known as the 
theory of multiple alternate oxidation, 
assumed that oxidation occurs at alter- 
nate carbon atoms throughout the fatty 
acid chain. According to this theory, ff 
again the carbon of the carboxyl group 
is labeled with C ~3, the acetoacetic acid 
resulting would contain excess C ~ in its 

carboxyl group, but nowhere else in 
the acetoaeetic acid formed. Finally, a 
third hypothesis ealled the B-oxidation 
condensation theory assumed that the  
ketone bodies are formed by the con- 
densation of some 2-carbon intermedi- 
ate resulting from B-oxidation of fatty 
acids. Aceording to this hypothesis, if 
the earboxyl carbon of normal oetanoie 
acid is labeled with C a:, the aeetoacetic 
acid formed would have excess C TM 

equally distributed between its ear- 
boxyl and earbonyl groups. 

To deternline which of these three 
hypotheses was the eorrect one, car- 
boxyl labeled normal oetanoie acid was 
incubated with liver slices fronl fasted 
rat. The resulting solution, containing 
the newly synthesized aeetoaeetie acid 
from the fatty acid, was decomposed 
into acetone and CO~, according to the  
procedure of Van Slyke. The CO~ lib- 
erated was analyzed for its exeess C" 
eontent by mass spectroscopy. The 
acetone was preeipitated as the  m e r -  
e u r y  eomplex, and further degraded. 
The two end carbons of the acetone, 
isolated from the mercury complex, 
were differentiated from the central 
carbon by chenlieal means and w e r e  
then oxidized to carbon dioxide and 
analyzed by mass .speetrometry for ex- 
cess C% The results, compared with 
those calculated from values expected 
on the basis of each of the proposed 
theories : 

Ob . . . . .  d . . . . . . . . . . . . . . . . . . . . . . . . .  . A t o m  %_C TM excess 
Carbonyl  I Carboxyl  

0.84 - I  0.83 
0x ida t ion -condensa t ion  1.10 / 1.10 

theory  . . . . . . . . . . . . . . . . . . . . . . . . . .  / ] :~iultiple alternate 
0 2.20 oxidation theory ......... [ 

Classical  oxidat ion  
theory .......................... 0 / 0 

led the authors to report "When n- 
octanoic acid labeled by the incorpora- 
tion of C TM in the earboxyl group was 
incubated i~ vi tro with liver slices 
from fasted rats, the resultant aceto- 
acetic acid contained all excess C TM 

equally distributed between the car- 
bonyl and carboxyl carbon atoms. The 
results offer unequivocal evidence that 
the ketone bodies are formed by con- 
densation of a 2-carbon intermediary 
resulting from B-oxidation of the fatty 
acid." 

The detailed survey by Ryhage, 
Stenhagen and their colleagues has 
made available a wealth of mass spec- 
tra data, particularly on methyl esters 
of long-chain fatty acids. The pub- 
lished descriptions contain actual mass 
speetra illustrating the type of methyl 
ester investigated, and, in addition, 
analyses of the spectra include identi- 
fication of the base (most intense) 
peak, the parent (moleeule-ion) peak, 
most of the more intense peaks and 
explanations for the formation of char- 
acteristic peaks from fragment rear-  
r a n g e m e n t s .  

The mass speetrum of methyl esters  
of long-chain carboxylie acids are dom- 
inated by peaks due to ions contain- 
ing oxygen. The hydrocarbon peaks 
of the spectrum can be almost corn- 
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