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I. INTRODUCTION

Mass spectrometry has become an important physical techmique in
the elucidation of the molecular structure of organic compounds. As an
analytical instrument the mass spectrometer has had a relatively long
history of usage in geochemical and petroleum research and is still
employed toutinely for compound type analyses of petroleum samples,
as well as for the quantitative determination of components of such

* The authors acknowledge financial support {rom the Wational Aeronautics
and Space Administration, Grants N3G 101, NGR 05-003-134 and NAS9-7889.

1 Present address: Department of Biochemistry, University of Wisconsin,
Madison, Wisconsin.

369
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mixtures which represent fractions containing mainly saturated, un-
saturated, and aromatic hydrocarbons. The speed of analysis, the relative
ease of computer treatment of the various analytical steps and calculations,
and the excellent quality of the data obtained make this area of application
of mass spectrometry still one of the most important in geochemical
rescarch, although other analytical techniques (e.g., high resulution and
gas chromatography) are receiving prominent attention. The application

of mass spectrometry to detailed structural studies in organic chemisiry

is of more recent origin, but is now a fourishing field, particularly since

instruments specifically designed for these purposes have become available

in recent years. The considerable number of books addressing themselves

to organic mass spectrometry (1-10) attest to the popularity of the

technigue and its significance in current chemical researches; they furnish,

as well, a broad introduction into mass spectroscopic techniques and

applications.

This chapter is intended to be a review of the results thus far available
from geochemical research. Emphasis will be placed on the contribution
of mass spectrometric data to the solution of specific structural problems,
cather than on the exploitation of such data for the quantitative analysis
of mixtures. Problems and techniques of type analysis will be of minor
concern to us here. Alsa, the application af isotope ratio mass spectromeiry
for the determination of 12C{*?C ratios in carbonaceous sediments is not
reviewed. The reader is referred to the chapier by Hoering for an intro-
duction to this important arca of rescarch {10a). Information on the mass
spectrometric behavior of compounds of geochemical interest is to be
reviewed, however, and currently available techniques of particular
importanee to geochemistry, such as gas chromatograph-mass spectro-
meter coupling, modern sample introduction methods, and computer
application in high resolution mass spectrometry, will receive particular
attention. An carlier review by Hood {11) discusses the literature up to
about 1960, and therefore this chapter will concentrate on the developments
in this ficld in the intervening years. For a current review of researches in
arganic geochemistry the reader is referred to the volumes Advances in
Organic Geochemistry (12) and the forthcoming work by Eglinton and
Murphy (13},

We believe it will become apparent that mass spectrometry is one of
the basic physical tools available to the organic geochemist. Often, due to
limitation of sample size, it furnishes the only reliable structural information
on isolated compounds, and, when used in conjunction with other speetro-
scopic methods, it will provide crucial complementary data. We shall
stress the type of structural information most readily available from a
mass spectrum, as well as the interpretative ambiguities in such data.

ORGANIC GEOCHEMISTRY 7

IN. INSTRUMENTATION AND TECHNIQUES

A, Conventional Instrumentation

fmu:;/rl]ost Istudles in o.rganic geochemistry thus far have utilized single-
resomﬁing (.)wt resolution} mass spectrometers. Double-focusing (high
instruments are now available in m i i

oluti furr any laboratories which are
?ctwe in geochemical research and have already contributed considerabl
important data to the field. )
Char:itls :.n:.t nec;.ssary here to discuss the general design and performance

eristics of mass spectrometers, since :

: ristic , e & number of books d i
o ‘ ine oks deal with
b,-iers;‘:ﬁxt myva;ymg degrees of sophistication {1,10,14-17); however, a

1ary of some of the important and desi ; ;
; esirable features
spectrometers used in geochemistry may be set forth: of mass

1. High S(.'rlsi!i\'i[y {nanogramn sample range)
2. Resolution M{AM of the order of 1:2000 (107, valley definition)
and a mass range of approximately 2000 mass units

Fas{ scanning capabiliti i
o p ies and correspondingly fast recording

4. Direct sample introduction into the ioa scurce

;. gou}zlng F)fa gas chromatograph to the mass spectrometer
. Combinatian electron bombardment-feld ionization source

3

:;?::erl‘llslty nef:]_s Li!t.le elaboration, since most of the mass specirometers
utihized in orpanic structural work ine |
e o o e ncorporate these features
. . termare, not all paramet d
strictly defined. For man icati i : e oer reseo
. y applications, for instance, much i
sk : . ance, much lower resolution
s mas[:s range wo.u_l_d l?e quite satisfactory. Mass spectrometers are
o g;'etlzlt y very sensntwe_ imstruments and for the typical commerciall
<r;16§8,e m_strumenls using electron multipliers as detectors samples o{'.
i ?’Wll-l :‘;uﬁice F‘or lexcel!ent spectra—a performance quite adequate
mag ocGiemlcal applications. Fast scanning {i.e., 0.1-2.0 sec per decade in
: ) ; L G-2,
imp;}r’mnl{imutplgg (see below} and direct insertion probe (18) are very
pects but, again, Ltiese are fairl
i s y standard features ol mod
instruments, The above list, then, si i ectro.
, , then, simply describes a {ypical
meter equally usgful for either i o routine stevctoral
. ¢ organic geochenical or routi
organic analysis. Mass spectra T recandine
: . are recorded usually vi i
oscillograph utilizin { o yanoring
g 2-5 Keps response galvano
. ' b ‘ meters., Very rapid
isrc‘:x::;:;ng requ;cs correspondingly fast (=5 keps) ga]vanometersy wh?ch
uce problems in the accurate me :
¢ asurement of relative ioni
dances since these di e compared to v
ispiay a full deflection of only 2 i
Jances : : oaly 2 in. as compared to the
0 in. deflection of slower galvanometers. In the near f'ulur:e the best
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solution to the problem of very fast recording of mass spectra, while
retaining both good resolution and accuracy of intensity measurement,
will involve the exploitation of digitai data acquisition techniques (19,20).
Digital techniques for recording of low resolution mass spectra have been
described (21); this approach appears valuable also for computer searching
and comparison of unknowns with a library of standard spectra stored on
rapid-access magnetic disks in the computer system,

The appearance of a mass spectrum may depend somewhat on the
particufar instrument used® (see, for example, the discussion in reference 3)
and various source parameters. For example, the temperature of the ion
source has a pronounced effect on the fragmentation pattern (23-25) and,
of course, the pattern is critically dependent upon the jonization methods
used. Most analytical applications involve jonization of the sample by
electron bombardment. For a number of compound types (normal or
branched alkanes, amines, alcohols, ete.) electron bombardment ionization
results in molecular fons of relatively low abundance. While this is not
necessarily a serious shortcoming, alternative ionization methods-—such as
field ionization (26) and chemical ionization (27), which repress fragmenta-
tion and produce relatively intense molecular ion peaks or M — | peaks—
may be of distinct advantage for some applications, i.e., mixture analysis,
Different ionization methods are discussed thoroughly by Beckey and
Comes in their chapler in this volume, and chemical ionization techniques
and applications are reviewed by Field (28). Chemical ionization source
modification kits are now commercially available.t

A combination clectron bombardment-field ionization source (29)
" shouid be of particular advantage in geochemical studies. Both a field ion
and clectron bombardment spectrum can be obtained on the same sample,
simplifying both mixture analysis and structural studies on isolated
samples. For a discussion of the use of combination sources for structural
investigation, see a recent paper by Beckey and Hey (30).

Such a combination has been utilized in the characterization of
mixiures of free fatty acids isolated from the kerogen of the Green River
Formation by Schulze, Simongeit, and Burlingame (29b).

The clectron energy in an electron bombardment jon source can be
varied continuously from 3 to about 100 eV and for routine analytical
applications is usually set at 70 eV. At low electron energies in the
neighborhood of the appearance potential of molecular ions (i.e., 5-15eV),
fragmentation is often repressed drastically, such that only molecular ions

* This is particulariy true of the quadrupole-type mass analyzer (17,22} and for
magnetic deflection instruments which may be scanned electrostatically employing
ion multiplier detection.

t Scientific Research Insiruments Corporation, Baltimore, Md. 21207,
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appear in the spectrum. This fact can be exploited for mixture analysis {31),
and it is particularly useful in high resolution work, permitting the
composition of all detectable molecular species to be determined readily.
A number of papers describing this technique will be discussed in some
more detail later.

B. Sample Handling and Introduction Systems

Geochemical applications do not actually require any special handling
or infroduction techniques, but, of course, it must be kept in mind that
often only extremely small quantitics of samples are available for analysis.

Beynon (1) and Biemann (2) discuss in some detail general sample
handling techniques and introduction systems as applied to routine
organic chemical analysis. Mew developments in this area, since the
appearance of these monographs, include primarily the use of direct
insertion probes and cooled probes (alse coeled ion sources) and the
advent of GLC-—mass spectrometer coupling techniques,

Geochemical samples of pure compounds destined for mass spectro-
metric analysis are usually obtained directly from the effluent of a gas
chromatographic column. It is, then, most convenient to collect such
samples in an ordinary melfing point capillary which can be introduced
directly into the ion source inlet system of the mass spectrometer. This
straightforward collection technique avoids the necessity of further
transferral of sample into & special iniroduction tube fitted for the mass
spectrometer. Samples collected in devices from which they cannot be
introduced into the mass spectrometer {for instance, some of the GLC
traps commercially available) can be transferred in solution (e.g., dichloro-
methane) to a melting point capillary sealed at one end, with subsequent
removal of solvent under a strcam of pure nitrogen. At dry ice-acelone
temperature, dichloromethans can be quantitatively removed from
volatile samples using the inlet system wacuum (32). It is often most
convenient in such cases to reinject the sample and recollect it ina capillary,
Compounds of high volatility must be trapped in U-tube capillaries with
appropriate cooling; the section of tebing containing the condensed
sample can then be cut and introduced into the instrument. For geo-
chemical samples obtained in microgram guantities or less, the common
methods of sample introduction into the mass spectrometer by means of a
reservoir (0.5-3 liter) and valve system are unsatisfactory. The sample
reaches the mass spectrometer ion source as a stream of gas through a
pinhole leak designed such that at any given time very little of the gas will
be in the ionizing chamber. For such samples direct introduction is
mandatory. Most commercial mass spectrometers are now fitted with
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“direct introduction probes™ as standard instrument accessories. The
probe arrangement utilized in the authors' laboratory for peochemical
analysis is illustrated in Figure 1. A melting point capillary containing
the sample fits into the probe tip, which is inserted directly (through the
valve arrangement shown and without breaking the instrument vacuumy
into the ion source region. Upon volatilization {(accomplished by the ion
source and/or auxiliary probe heater), all of the sample passes through the
region of the ionizing clectron beam. Intense spectra can thus be obtained
on very small quantities of material. A further advantage of the direct
inlet is the possibility of partial fractionation of multiple-component
samples upon carefully controlled heating.*

This implics, of course, that the direct inlet syster is not useful for
quantitative mixture analysis, since such analyses assume a constant
partial pressure of each component {24}, The direct probte inlet systemisan
absofute necessity for very nonvolatile and heat-sensitive samples, since
the pressure in the jon source region (order of 10-° to 10-7 mm Hg) is
considerably lower than in a reservoir system and the lower temperatures

Fig, 1. Directinlet system (CEC 21-110B mass spectrometer) (20). (A) pump-out
port, {8) ion source block, (C) source housing, (D) gas inlet port, (E) heated cover
plate port, {(F) direct inlet zttached 1o source housing, (G) pump-out line to rough
pump and diffusion pump, (A} inline valve, () silver sample 1ip, (J) ceramic insu-
lator, (K} probe shaft, (L) Quick diseconnect shalt holder,

* For example, preparation of volatile derivalives {e.g., silyl ethers of hydroxy

fupctions and acetylation or methylation of amino functions) often yields mixtures
of the starting material and product, differing sufficiently in volatility to make at least
partial fractionation possible in the direct inlet.
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are sufficient for the sublimination of such compounds. The lower tem-
perature and the fact that collisions with reservoir walls after volatilization
are avoxdcc} minimize the decomposition of labile molecules.

The direct probe poses some difficulties for the analysis of volatile
samples (e.g., small hydrocarbons and esters), since volatilization may
occur very rapidly, even at the lowest operating temperatures of the ion
source (approximately 70-100°C). To overcome this problem a liquid
nitrogen .cooled probe may be used (Fig. 2 illustrates such a probe con-
structed in the authors’ laboratory). Specira of hydrocarbons in the range
from (;m to C,5 have been obtained successfully using this technique. The
operation and use of such a probe is, however, somewhat more cur;'sber-
some and time consuming. An aliernative method, in which volatile
samples‘ are absorbed on molecular sieves, has been described (33). The
desorption process from the sieve in the source chamber is sufficiently
slow to permit the determination "of mass spectra. Since it has been
supgested (34) that liquid phase-coated solid support (G LC packing) may
b’f’ usc_d for efficient GLC fraction collection, it may also be useful for
direct introduction of samples into the ion source of a mass spectromeler
Thc rnoslt convenient, although instrumentally most claborate, system l'o:"
introducing volatile samples directly into the ion source is the GLC-mass
spectrometer coupling arrangement. This technique (described more
fully below) is utilized ordinarily for the analysis of complex mixtures but
would be of equal advantage for the introduction of individual samples
Wherever m.ulliple-port construction of the ien source of the mass spectro:
meter permits the simultaneous connection of several inlet systems—a
direct probe, all glass inlet, stainless steel inlet, and a GLC inlet—this
latter method becomes routinely feasible and s to be recommended. Of
course, this requires that the compound being investigaied be thcrm.all
stable under the operating conditions and temperatures of the gai

" chromatograph and also that it will not be catalytically decomposed

by the hot metal components of ei
either the chromatograph o
spectrometer. graph o the mass
CAPILLARY

TEFLON
TIP

CUP OF
LIQuio

Nz
1

SILVER

STAINLESS STEEL PROBE 10 PUMP
Fig. 2. Liquid nitrogen cooled direct inlet probe (35).
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C. High Resolution Mass Specirometers

The availability of instruments capable of resolution of the order of
1:30,000 or better and mass measurement with an accuracy of 5-10 ppm
far extends the utility of mass spectrometry in structural studies. Such
perfarmance nat only gives the typical fragmentation paitern of a com-
pou_n_d. but also aliows the unique* determination of elemental com-
positions of molecular and fraginent ions. The interpretation of a speclrum
is thus facilitated considerably and any conclusions drawn are derived from
much firmer experimental bases.

High_resolution and accuracy of mass measurement are achieved b
a sequer'lual arrangement of an electrical and magnetic field. Two basi)c(:
gcomemc? are used in commercial high resolution mass spectrometers
ln-the Nier-Johnson geometry, electric and magnetic fields achreve z;
Eomt of double focus. Mass measurement is accomplished either by the

peak_matching" technique or by scanning of the spectrum and recordin

onto either frequency modulated analog magnetic tape or digital magnel'f:
tape. lThe Mattauch-Herzog geometry accomplishes the simultancous
focusing of all ions over a 30: 1 mass range to be recorded on a photoplate
P;ak matching or scanning is possible here, also, and the basic design is ir;
this sense, somewhat more versatile, The intricacies and problems of h}gh
resolyuop are covered in detail in other chapters of this volume
A_ppl:gatlons of high resolution instruments are included in later section;
wnh'dlscussi(ms of the compound classes, but more detailed consideration
of hlgh resolution mass spectromelric principles and application to geo-
chemical problems have been discussed in another review (35). ’

Thc_advanmges of these instruments for geochemical work are great
an_d obvious. In particular, application of high resolution gquipment to
mixture analysis yiclds much more information. The clcmenta/I composition
of Eflf.'h component becomes available and compounds of the same
nominal mass but different composition are readily distinguished. Far
pure samples composition data can be obtained on microgram quan.tities
and the coupling of a gas chromatograph to 2 high resclution mas;

spectrometer is certainly one of the most powerful and fastest methods
ff)r the analysis of complex mixtures. Pertirent applications will be men-
tioned in detail in Jater sections.

H?gh resolution mass spectrometers can be exploited to the rulle'st

potential only in combination with computer systems. The compositions

. W . . . .
doub With ccrlal_n quahﬁcalwns_, since sume combinations of elements result in mass
ac:;_let_s ;o:' whucll: an unambiguous assignment of composition i not possible
iori; but see the chapter by Biemann for moare thor j i
o
. orough discussions of these
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of all ions in a mass spectrum can then be calculated rapidly and a
partial interpretation of spectra can be attempted. Element mapping (36}
and heteroatomic plotting {37} are practical and jmportant results of this
approach. The future will see the further development of sophisticated
on-line mass spectromcter—computer operations {19,20,38,39).

D. Gas Chromatograph-Niass Spectrometer Coupling

The combination of gas chromatographic and mass spectrome*ric
equipment results in analytical instrumentation of great power and versas
tility. Tn this section we shall discuss onty those methads employing direct
coupling of the twe instruments without intermediate trapping of the gas
chromatograph effluents. Trapping and colicction of samples gmerging
from a gas chromatograph and subsequent mass spectral analysis can aiso,
of course, be considered a ucombination™ technique; however, this is
rather more unexceplional and has been discussed in a previous section.
This latter approach has the advantage that the two analytical steps—
separation of compenents in a mixture and mass spectral analysis—can be
conducted separately in time and space, and the instrumental requirements
for each operation are consequently also much tess stringent. 1t does
invalve, however, one additional critical experimental step—the collection
of each sample—which may cause problems and which is exactly the step
the direct GC-MS combination technique is designed to circumvent.

The combination method, then, exhibits as its most characleristic
features speed of analysis, sensitivity, and avoidance of an intermediate
jsolation step. We may consider these points in somegwhat more detail

here.

All the effiuent of 1he pas chromatograph enters the mass speciro-
meler directly and, if the connection is suitably designed, very little loss of
resobution resuits. Losses which are unaveidable when individual samples
are isolaled are thus very stgnificantiy reduced, and condamination, always
a possibility when very small samples are to be trapped, is essentially
avoided. The only soufce of contamination is the slow bleeding of column
phase, but in most cases this will be casily recognized and distinguished
from the cemponents making up a given mixture, Very smali quantities
of samples are amenable to analysis and. thus, open tabular columns
{capillary columns) possessing very high resolution but low capacity can
be used to great advantage. Since individual collection of samples, a most
jme-consuming step, is avoided, a complete mass spectrometric analysis
of all components ¢an be obtained in essentially the time required for a
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single pas chromatographic run. The direct combination approach is
readily adaptable to routine analytical problems and perhaps to computer
control of its operation and the interpretation of data (21¢).

As mentioned above, the coupling puts refatively stringent require-
ments on the performance of the components. As far as the mass spectro-
meter is concerned, high sensitivity and very {ast scan rates are the most
important and necessary features. Scan rates of a decade in mass within
fractions of seconds are desirable, since this would permit several con-
secutive scans as a component peak enters the ion chamber. Comparison
of the spectra then provides a very good check on the homogeneity of each
GLC band and significantly simplifies the task of interpretation of a
given mass spectrum, The sensitivity requirement is equally crucial but
need not be stressed particularly, since mass spectrometers are inherently
very sensitive instruments; thus, a microgram of sample injected on 2
GLC column would be expected to yield a very intense spectrum, and
most mass spectrometers wilt still produce an interpretable pattern on
1/1000 of this amount.

When double-Tocusing (high resolution) mass spectrometers are to be
coupled to a gas chromatograph, some of the same considerations
naturally apply. The object of a coupling arrangement would be the
production of a complete high resolution mass spectrum of each com-
ponent; both the Mattauch-Herzog type mass spectrograph and the
Nier-Johnson mass spectrometer are suited for such purposes.

Gas chromatographs employing either capillary or packed columns
have been coupled to mass spectrometers. Since the former use low flow
rates of carrier gas of the order of 1-3 mi/min, it is possible to connect
these columns directly to the mass spectrometers, permitting the total
effluent to reach the ion source. The pumping system of the latter is fast
enough to allow such operation without causing malfunction of the
instrument. For packed columns, however, which operate under flow
rates of up to B0 mlmin, an interfuce consisting of an enrichment device
hecomes essential. The function of this interface consists of selective
removal of most of the carrier gas, permitling a stream heavily enriched
in compound molecules to enter the mass spectrometer. Several such
interfaces or *scparators™ have been described within the last few years.
Two of them, the “malecular separator™ of Ryhage (40) and the {fritted
glass tube of Watson and Biemann {41), are now being used quite routinely,
whereas others, the semipermeable silicone membrane (42,43) and the
Teflon membrane (44), do not seem 1o have found peneral acceptance as
yet. The efficiency [defined as the ratio of the amount of sample entering
the mass spectrometer to the amouat entering the separator (45)] of the
Ryhage and Watson-Biemann type separators {45} is of the order of 507,
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and losses of sample are consequently quite significant, although these
depend somewhat on the types of compounds studied [perhaps due to
chemiscrption on the walls of the separator {46)}. The low efficiency [the
Teflon membrane seems to be superior in this respect with efficiencies of
50-90%, (45); however, a detailed comparison of all separators appears

- desirable] is usually not a severe handicap, however, because of the high

sensitivity of th mass spectrometer. The use of these separators permits
flow rates up to 60 mljmin, while maintaining source pressures of 10-%
mm Hg or less.

If the gas chromatograph is equipped with an efffuent splitter, part of
the effluent can be diverted to an ionization detector to produce a cofi-
ventional gas chromategram. Alternatively, or in addition, the mass
spectrometer total jon current monitor can be used as detector by con-
necting its output to a pen-and-ink recorder. In the author’s laboratory a
dual-pen recorder simultancously produces gas chromatograms from both
the output of the chromatograph ionization detector and the total ion
monitor, providing a convenient and immediale check on the time lag
between gas chromatograph and mass spectrometer and possible Joss of
reselution.

Several complete mass speetra (from three to ten} are usually obtained
from a single GL.C peak emerging (rom the column. Extremely rapid mass
scanping (in the order of Q.1 sec to several secands) is thus a necessity.
Accurate identification of mass number (by simple counting) may be quite
difficult under these circumstances, and the simultaneous recording of the
spectrum of a marker compound—bled in from a reservoir or by the
technigue of Leemans and McCloskey {47)—is usually nccessary. Con-
secutive runs bath with and without a marker can be used to eliminate any
uncertainties or ambiguities in the interpretation of the spectrum. On-line
computer techniques would be the best solution to these problems (see
also reference 2Ic).

The first attempts to couple a gas chromatograph to a mass spectro-
meter were described as early as 1957 (48), and since then the technigue
has found considerable application in a variety of fields. The chapter by
Stenhagen and Stallberg-Stenhagen in this volume, as well as several

-other excellent review papers {47,49-52) should be consulted for detaifed

accounts of the technical aspects and applications of the method. In
particular, the review by Saalifeld (50) and the Proceedings of the Chromato-
Mass Spectrometry Sympositum (51) provide a very extensive bibliography
of past researches.

A potentially important development not covered in these reviews is
termed interrupted-elution gas chromatography (53,54). A gas chromato-
graph is automated to control the carrier gas flow such that individual
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bands (pecaks) may be removed at will and fed into either a mass spectro-
meter or an infrared spectrometer while preserving the chromategraphic
resolution of bands remaining on the column.

Applications to geochemical problems are by now quite numerous and
relatively routine. Some examples include the separation on a capillary
column of saturaied hydrocarbons up to C;, and their mass speclrometric
identification (53), and the analysis of olefinic compounds (56) and
hydrocarbons in the Cg to C, range. Sixteen C; hydrocarbons from
petroleurn were identified by the combination of a cycloidal focusing mass
spectrometer (equipped with Wien filler and ion multiplier) and a capillary
pas chromatograph (57). The combination of a gas chromatograph with a
time-of-flight mass spectrometer was used in the experiments of Anders
and co-workers (58-61). A study of volatile, odoriferous components in
polypropylenebenzene sulfonate which occur as saturated ketones and
conjugated diolefins has been reported. This work made use of coupled
GL.C-mass spectrometric technigues in addition to chemical transforma-
tions for preliminary separation (61a). The appreoach described could be
applied to the volatile, lower molecular weight components of organic
geochemical samples.

Since the introduction of separalors, several interesting applications
to gecochemical work have been described using these enrichment devices.
For example, Ord and coilaborators reported the identification of pristane
and phytane in the Precambrian Gunflint Chert (62) and the Precambrian
Fig Tree Shale (63). Isoprenoid alkanes ranging from C;5 to Cgq have been
identified in Little Osage Shale extract (64), and a novel series of 2,6-
dimethylalkanes isolated from a Cretaceous shale (65) was characterized
by the interesting new technigue of coupling a two-stage gas-liquid
chromatograph (in which the second stage separates isomeric branched
alkanes, resolved according to molecular weight by the first stage} in series
to a mass spectrometer (66), Isoprenoid fatty acids (67-69) from extracts
of the oil shale from the Green River Formation and aromatic acids which
produced ozonization of coal (70) have been similarly analyzed.

The work of Oro and collaborators (7!) provides data on the analysis
of extraterrestrial samples (e.g., Murray, Orgucil, Makoia, and other
carbonaceous meteorites) procured by such combination methods. In
general, the technique appears to yield quite excellent data, and there can
be no doubt that it will become one of the most important and routine
approaches to organic geochemical analysis.

A very important extension of the basic technigue is the combination
of gas chromatography and high resolution mass spectrometry {40,41,52,
72-75). An example of the results obtained by Hayes and Biemann (76) is
ilustrated in Figures 3 and 4, showing the GLC-high resolution mass
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Fig. 3. Gas-liquid chromatogram of Murray meteorite (76).
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Fig. 4. Element map of peak 15 in Figure 3 (76).

spectrometer analysis of the arganic constituents of the Murray meteorite.
The analytical method involves the pyrolysis of a sample of the meteorite,
the condensation of the evolved organic matter in a cold trap, and sub-
sequent flash evaporation of the condensate into a gas chromatograph
connected to a mass spectrometer. The gas chromatograms illustrated in
Figure 3 are the traces obtained when a sample of Murray chondrite was
heated over a temperature range of 25-146° (A), 146-234° (C), and
255-409° (after admixture of zinc dust; £). Traces B8, D, and F represent
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blanks. High resolution spectra recorded on a photoplate were obtained
for each peak; the vertical lines in each chromatogram indicate successive
exposures. The photoplate data are subsequently reduced by computer
techniques.

The end result of these manipulations is illustrated in Figure 4, the
element map (sec the chapter by Biemann on high resolution} of
peak 15 in chromatogram C. Tt will be noted that compesitiens of ions
are plotted in vertical columns labeled CH-aliphatic, CH-aromatic,
CHS, CHO, CHO,. In the case at hand, the element map permits the
conclusion that the major component of GLC peak 15 is tridecane
(mle 184, C,3Hzy; the asterisks indicate abundance on 2 semilogarithmic
scale®) and that minor components are a methylnaphthalene (C.,Hia), 2
C.alkyl benzene (Cy3H ), and & monounsaturated or monocyclic aliphatic
compound of composition C,.Hza (/e 196). Furthermore, trace amounts
of methylbenzothiophene (CoHgS) are seen to be present, but there are no
oxygen-containing molecules or ions.

This one example may suffice to illustrate the wealth of information
that can be obtained from high resciution mass spectra of mixtures of
GLC fractions. The review articles quoted give many more examples of the
coupling of high resolution equipment to gas chromatography using both
packed and capillary columns. The routine use of high resolution instru-
ments and the necessary analysis of the data requires the extensive
utilization of computer methods. The work of Hayes (75) should be
consulted for more details on the analysis of carbonaceous chondrites by
GLC-high resolution and computer lechniques.

Iil. STUDIES ON ORGANIC MATTER FROM GEOLOGICAL
SOURCES

The application of mass spectrometry to the analysis of hydrocarbon
fractions obtained from petroleum represents the garliest cxploitation of
the technique for the solution of organic chemical problems. Cempound
type analysis of petroleum fractions as first demonstrated by Brown (77)
in 195! was one of the major achieventents, which since then has developed
into a sophisticated method of instrumental analysis, used routinely in all
laboratories involved in petroleum chemistry. Type analysis constifutes
necessarily a preliminary investigation of complex mixtures since its
ohjective is solcly the recognition of compound classes in a sample, rather
than the determination of individual components; such studies also

* The numbers immediately preceding them indicate error in measurement to
the nearest millimass unit {mmu),
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provide no information on structural detail of any compound or compound
class. The success of the technique is based on the principle that any given
compound type can be recognized by a set of specific peaks and that the
spectrum of a mixture of types is simply the composite of the spectra of
the individual compounds making up the mixture. If suitable calibration
data on known compounds are available the mixture can then be analyzed
quantiratively, In practice, only a limited number of types in a mixture
can be analyzed by medium resolution mass spectrameters. Complex
mixtures must either be prefractionated or several classes must be grouped
and treated analytically as a single type. The technique of tvpe analysis
has seen many modifications and improvements in the last 25 years. The
availability of computers has considerably facilitated the vast calculations
necessary for these analyses. The technique of low voitage analysis of
Field and Hastings {78) was a further modification. Whereas the former
methods made use of characteristic mass summation to determine com-
pound types, the low voltage technique employs only the molecular ions
for analysis, thereby simplifying the calculations required. However, it has
the shortcoming of distinguishing only seven compound types, thus
necessilating extensive preseparation of mixtures for a complete analysis.

The utilization of high resolution mass spectrometers for such
analyses, first demonstrated by Carlson et al. (79), presents a further
significant advance, since these instruments, even at the moderate resalving
powers of the early work, can readily distinguish between isomers of the
same nominal mass (i.e., between saturated alkanes and napthalene
derivatives, 12C vs. 'H ;). We shall consider some of these applications
under the pertinent sections hetow. However, a review of compeund type
analyses will not be atiempted here. Dibeler (31) and Reed (80) provide
general introduction and reviews of this field and leading literature
references, and a detailed treatment of this subject is available (81}.

In the following we shall consider mainly the contribution of mass
spectrometry to the solution of specific structural problems and the
identification of isolated compounds {rom all gealogical sources. We shall
discuss separately each of several broad compound classes of importance
to geochemical studies. Before doing so, a few general remarks may be
appropriate, however. Organic compounds thus far obtained from geo-
logical sources represent actually fairly straightforward structural problems;
that is to say, very few of them are structurally of a complexity that an
organic chemist would ordinarily be confronted with werc he to study other
natural products. The vast majority represent simple hydrocarbons, acids,
or aromatic bases which, were they available in quantity, would represent
relatively simple identification problems. However, organic matier
obtained ftom either petroleum or sediments usually represents extremely
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complex mixtures from which any given substance can be isolated only in
very low yield. This is particularly true for work on ancient sedimenis,
the organic content of which is very low and from which a specific substance
may be obtainable only in micrograim or NanoORram amounts. At this level
most physical methods of characterization are no longer very useful and
other spectroscopic data which may be obtained are severely limited. For
hydrocarbons, mass spectrometry and gas-liquid chromatography are the
only available metheds for structural investigation, and since GLC is
useful only when {g) the authentic compaund is available for comparison
and (b} very high efficiency columns are utilized which can distinguish
between isomers exhibiting minor structural differences, mass spectrometry

remains the only method capable of giving reliable data on an unknown.

Gas chromatography and mass spectrometry. should, of course, both be
used for a characterization, but it perhaps should be stressed that whereas
mass spectrometry alone may often suflice to characterize a compound,
GLC alone is entirely insufficient dnd identifications based solely on this
technique should be rejected,

The advantages of mass spectrometry are fairly self-evident. In the
case of a completely unknown compound, it provides at least some basic
and certain infermation, ie., molecular weight, composition, and often
also some specific structural information. Its shortcomings are equally
important, however. ft is commonly recognized that stergoisomers usually
present very similar spectra, although positional isomers are sometimes
equally difficult to distinguish; we will have occasion to comment on such
cases below. Furthermore, euch interpretation of a spectrum iavolves a
judgment as to the purity of the sampie. Daes a peak which differs in
intensity in the spectrum of the unknown from that of the standard imply a
different structure or can it be ascribed to an impurity? Often a detailed
analysis of the spectrum will provide the answer, but caulion is obviously
necessary, as demonstrated by an interesting case cited below. Tn this
connection it perhaps should be stressed that a comparisen of standard
and unknown whose specira have been obtained on different instruments
may be quite misleading.

Finally, the interpretation of the spectrum of the unknown is only as
good as our current understanding of the fragmentation behavior of the
various compound classes. Edeally one would like to maich the spectrum
of the unknown with that of an authentic compound, but in practice this is
not always feasible.

By the standards of classical organic chemistry very few structures
of compaunds isolated {rom sediments have been conclusively established.
This does not necessarily detract from Lhe usefulness of these studies
since our knowiedge of the organic constituents of sediments in particular



386 H. K. SCHNOES AND A. L. BURLINGAME

is sc limited that almost any new information appears weicome. For
relatively simple hydrocarbons the combination of gas chromatography
and mass spectrometry will suffice for the definition of gross molecular
structure. In the future, no doubt, more physical data such as infrared,
ultraviolet, and NMR spectroscopy will become a necessity for the
efucidation of structures of more complex material.

A. Hydrocarbons

Hydrocarbons, the major constituents in petroleum, have been most
actively investigated. Primarily, due to this Tact, an extensive collection of
hydrocarbon mass spectra is available in various catalogs of mass spectral
data (82}, and detailed discussions of aliphatie, cyclic. and aromatic
hydrocarbons and their type analysis in petroleum fraction can be found
in the older literature (77,83-88). For a general survey and leading
references to the mechanistic aspects of hydrocarbon mass spectrometry
the volume of Budzikiewicz et al. (3) should be consulted.

In the following we shall discuss the data available on the identification
of specific hydrocarbons by considering them in various categories
roughly corresponding ta normal, branched, eyclic, unsaturated, polycyclic
and aromatic substances, including among the last also compounds
possessing heteroatoms.

1. Normal Afkanes

Normal saturated hydrocarbons appear to occur in all carbonaceous
geological environments, as well as being present in a wide variety of
biclogical systemns (8%). Their mass specira exhibit a very simple pattern
(which has, no doubt, a complex mechanistic genesis) consisting of majar
peaks at intervals of 14 mass units, with a maximum usually around Cj
or C,. '

The identification of a normal alkane, then, depends essentially upon
the correct recognition of the molecular ion. Impurities could, of course,
obscure the simple pattern, particularly il they should give rise to intense
peaks which might be taken as indications of branching in the chain.
Since, however, normals are readily separable from branched alkanes by
acclusion in molecular sieves, such problems rarely arise and the interpreta-
tion of the mass spectra of isolated compounds is thus a fairly trivial task.
Indeed, most often in the published literature normal alkanes have been
identified simply on the basis of their regular GLC elution pattern, which
permits prediction of the carbon number of a normal alkane with a high
degree of certainty.
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2. Branched Alkanes

Mass spectrometry represents the best single method for the identifica-
tion of branched saturated hydrocarbons since, in theory at least, the site
of branching (and the size of the substituent at that site) can be deduced
from the appearance of intense peaks (relative to their neighbors 14 mass
uzits above and below) corresponding in mass to the {ragment including
the branching point. This type of structural information is not readily
available from other physical methods, unless they involve direct coms
parison of unknown and standard.

This general statement is well illustrated for simple branched alkanes
by the appearance of the specira of anteiso-alkanes (Fig. 5), which shov:
intense peaks resulting from loss of ethyl grouping (M — 29), whereas
peaks due to ions of C, or C; fragments are almost completely absent.
Similarly, ise-alkanes (Fig. 6) show prominent peaks of Af — 15 and
M — 43, and 4-methyl alkanes would be expected to exhibit an intense
fragment peak at M — 43 {Fig. 7).

By analogy, more complex alkanes, as represented, for example, by
the isoprenoidal hydrocarbons, should exhibit a series of such intensified
peaks corresponding to the number of branching points in the molecule.
in structures 1 and 2 the expected peaks lor a Cye and C,, regular iso-
prenoid are graphically represented, and structure 3 shows the differences
resulting from a slight modification of, for example, the Cye isoprenoid
structure. This straightforward prediction is borne cut by the spectra of
these compounds, a few representalive cxamples of which are given in
Figures 8-10 [the Ciar Cipe and Cug isoprenoidal alkanes (structures 1, 2
and 3a, respectively), isolated from various geologic sources).

In theory, then, the mass spectrometric characterization of a relatively
complex unknown alkane represenis no particular difficulties; in practice,
however, such identifications may not be casy. The most obvious and
common problem is contamination by another compound, which some-
{imes may be quite evident because the contaminant exhibits a distinct
molecular ion of its own but often may give the illusion of homogeneity
when the contaminant is a simple isomer of the majot component.
If the contaminant contributes several infense peaks to the spec-
trum, the fragmentation patlern of the unknown may be sufficiently
obscured 1o make definite characterization impossible or, in the worst case,
present a totally misleading fragmentation pattern, which with great
ingenuity can often be reconciled with a single, but incorrect, structure.
The spectrum of Figure 11 illustrates such a case, A C,g alkane (MW =
254) isolated from the biue-green alga Nostoc (90), appearing homo-
geneous upon capillary GLC, showed enhanced peaks at m/fe 113, 127,155,
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When the purity of an unknown is assured, identification can be made
with reasonable confidence, but there are, unfortunately, still many
cases where the mass spectra of structurally quite different alkanes can
be distinguished only by refatively subtle differences in their fragmcntation
pattern. Inspection of the spectra of 2-mnethyloctane and 2.6-dimethylhep-
tane (Figs. 12 and 13), differing essentially in the intensity of the jon at
mje 84, illustrates this point quite forcefully. Similarly, the spectra of
2.6,10-trimethylhexadecane, 2.6,10,13-tetramethylpentadecane, and 2,6,
10,14-tetramethylpentadecane (pristane), shown in Figures 14-16 (92),
exhibit a faitly uniform fragmentation pattern; the same is true for
several Cg, isoprenoidal isomers (93). In these cases, of course, the
nonidentity of the isomers is readily demonstrated by their separation on
capillary columns, but comparisons of retention times necessitate the
synthesis of gach suspected structural variation, a laborious undertaking,
to say the least. The ambiguities inherent in mass spectral data are by no
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means unique to this particufar method, but when mass spectrometry
represents the only source of structural information, as it often must, its
limitations should be ciearly understood.

Henneberg and Schomburg (94) and Han et al. (91) have recently
presented an analysis of the fragmentation pattern of branched atkanes
which indicates that the ratio of even to odd peaks resulting from cleavages
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at branch points depends on the structure of the ion formed. This finding
may be of considerable diagnostic value, but only in cases where purity is
rigorously established, since these changes in intensity ratios are by no
means StTiking.

Within the last few years mass speclrometry has contributed many
data to the characterization of branched alkanes. Jso- and anreiso-alkanes
have been shown to occur in a wide variely of sediments (95,96). The
presence of 2-, 3-, 4-, and 5.methylalkancs has been reported in paraffin
wax (97.98) on the basis of mass spectra of crude GLC cuts. Detailed mass
spectrometric data on isolated, as well as authentic. iso- and anteiso-
alkanes are presented in several papers (95,96,99-101). The fragmentation
of these monoalkyl-substituted hydrocarbons is 50 unambiguous that the
interpretation of their mass spectra is hardly subject to doubt.

Numerous reports are concerned with the isolation of isoprenoidal
alkanes from sediments or petroleum and their--~usually mass spectro-
metric—structural elucidation, Pristane (Cis; 2.6,10, 4-tetramethyl-
pentladecane) and phytane (Cg; 2,6,10:l4-tetramethyihexadccane). the
two most important members of this class, were first reported by Bendo-
raitis et al. (102) and Dean and Whitehead (103), respectively, and have
since been isolated from a number of Precambrian sediments, such as the
Soudan Formation (95,104, Fig Tree Shale (63), Gunfiini Chert (62), and
Nonesuch Formation (100,105,106) as well as from many younger sources

P PN ::.::i!
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Fig. 16, Mass spectrum of 2,6,10-trimethylhexadecane vs. 7 Zeu-
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{64,95.96,100,107,108). However, isoprenoids in the range of Ci-Cis
{with the exception of the C,; compound) are also quite common. For
example, the series Cuq Cos, C,q and C,5 occurs in Texas gas oil (107),
the C,;5, Cys, Cys hydrocarbons have been reported for the Green River
Formation (100,108}, and ali or some members of this group have been
shown to occur in a variety of different sediments and oils (65,95,96,109)
The regular (i.é., branching at C-2, C-6, C-10, etc.) C,, isoprenoid has
been identified in Texas gas oil by Bendoraitis et al. (107) and fater Johns
et al. (95) reported this compound from such sources as the Soudan Shale,
Antrim Shale, and Nonesuch seep oil. Their characterization, based solely
on the mass spectra of isolated compounds without comparison with
authentic material, was tentative, since the spectra showed varying
contributions from other hydrocarbon material. More recently, however,
the structure of the C,; compound from the Soudan asd Nonesuch has
been more firmly established as 2,6,10,14-tetramethytheptadecane by
comparing GLC retention times and mass spectra with synthetic material
(93). The alternative possibility, 2.6,10,15-tetramethylheptadecane, a
structure which could be derived by thermal cracking of squalane, was
definitely ruled out. As mentioned, however, the mass spectra of these two
isomers are rather similar. Géhring et al. (65) have characterized a novel
class of isoprencidal-type compounds, a homalogous serics of 2,6-
dimethylalkanes (from Cg to Cy,) isolated from a Cretaceous shale and
Nigerian crude oil. In this case, structural assignments appear firmly
established, even though the mass specira of the corresponding authentic
hydrocarbons were rot available for direct comparison.

A number of perdeuterio hydrocarbons up to C,, have been synthe-
sized {rom carbon monoxide and deuterium gas using an iron meteorite
catalyst and have been identificd as isoprenoids on the basis of their mass
spectra and GLC retention times {60).

A comparison of the chemical ianization and electron bombardment
spectra of pristane (110) shows promise that the former technique might
be useful for the characterization of branched alkanes. Limited data do
not aliow an estimation of the usefulness of the chemical ionization
technique for structural determinations. For the case of priztane, its major
advantage appears to be the greatly enhanced (M — 1) ion intensity; its
major disadvantage is the large sample dose required (1-2 pl of pure
pristane), although the authors sugpest that the sensitivity could be
improved by three orders of magnitude. QOther hydrocarbons have been
studied by chemical ionization techniques (111}, including a number of
branched compounds and squalane, and a comparison of field ionization
and chemical ionization mass spectra of ten decane isomers has recently
been presented (112).
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There exists a report of the occusrence of the C, 4 isoprenane (2,6,10-

trimethyltetradecane) {82). Its identification in the Antrim Shale based on
coinjection of the authentic compound with hydrocarbon extract and mass
spectrometry appears relatively secure, although the published mass
spectrum by itself could certainly not be taken as very convincing evidence;
the agreement of the spectra af isolated compound and authentic material
is somewhat less than excetlent, probably due to impurities in the natural
product. -
Papers by Mair (113), Meinschein (114), Ponnamperuma and
Pering (115), and Blumer et al. (116) contain further references to mass
spectral applications. Quite extensive mass spectral data on isolated and
some authentic isoprenocid hydrocarbons have been presented and dis-
cussed in the papers by Fglinton et al. (100), Johns et al. (95), and van
Hoeven ¢t al. (96) and in the theses of Haug (117), Maxwell (69}, and
McCarthy (118).

Identification of larger isoprenoidal hydrocarbons is limited thus far
to the report of carotane from the Green River Formation (i19) and
carotenes from the algal ouze of a Florida lake (90,118).

Only regular isoprenoids have been obtained from geological sources
thus far; the frequency ol their occurrence and the mass spectral and GLC
data documented in the literature make their identification appear
relatively certain, even though some of the original mass spectra, because
of the presence of impurities, require cautious interpretation.

Tsoprenoid alkanes with different substitution patterns (¢.g., degrada-
tion products of squalane) are conceivable, as well as hydrocarbons which,
though nonisopreneidal, might be derived from more complex biological
precursors. The finding (120) of 2-methyl-3-ethylheptane, for which
limonene is suggested as precursor, is an illustrative example. The correct
identification of the carbon skeleton of these compounds is thus crucial
for any speculation concerning their biological precursors (121) and
diagenetic history, and, since mass spectrometry does and will continue
to play a major role in these efforts, the fairly complete documentation
of data on novel compounds would be desirable, a piea not always fulfilled
by the published literature.

3. Cyclic Hydrocarbons

The mass spectra of cyclic hydrocarbons are not as readily interpre-
1able in structural terms as those of the corresponding acyclic compounds.
The inforination provided by the mass spectrum of an unknown may thus
be limited to the exact molecular weight, and perhaps size and number of
substituents, Quite frequently, however, the oceurrence of intense fragment
ions in the spectra of alicyclic compounds may be misleading, and precise
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structural deductions should be made with great caution, unless authentic
compounds are available for comparison. Studies on the mechanisms of
fragmentation of simple cyclic hydracarbons are reviewed by Budzikiewicz
et al. (3), who also provide a listing of the pertinent literature. McFadden
and Buttery in a chapter in this volume present data on the application of
mass spectrometry to structural studies in the monoterpene ficld, and a
good summary of the mass spectra af lower terpene hydrocarbons is
available (5). Meyerson et al. (122) have discussed the mass specira of
cyclohexane and substituted cyclohexanes.

Simple cycloalkyl compounds have been shown o octur in a variety
of sediments and oils, Johns ei al. {95) and van Hoeven ¢t al. {96) have
reported the occurrence of cyclohexyl atkanes of general structure 5 in
Monesuch seep oil (Cie to Cyp compounds) and Moonie oil. In this case,
the interpretation seems relatively straightforward, since these spectra
show an intense ion at m/e §3 which corresponds to tte cyclohexyl ion,

Cj—v (CH,),—CHy

(5

while the rest of the spectrum is reminiscent of straight-chain alkancs. The
question as to whether some of these compounds could not be represented
by methyicyclopenty? alkanes, which should show rather similar spectra,
has not yet been resolved unambiguously. Cycichexyl and cyclopentyl
alkanes have been reported also as constituents of various petroleum
fractions, usually on the basis of compound type analysis (see references
97,98, and 123}, With the aid of a gas chromatograph-mass spectrometer
combination, Lindemann and Le Tourneau (124) were able to identify 14
monocyclic and bicyclic hydrocarbons, including several methylbicyclo-
heptanes, bicyclooctanes, and bicylononanes, as well as methyl-substituted
cyclohexane and cycloheptane derivatives. Mass and infrared spectra of
most of these compounds isolaled are presented in their paper. The
isolation of carotane from the Green River Formation—a bicyclic iso-
prenoidal system—has already been mentioned (119).

4, Steranes and Triterpanes

Sterancs and triterpanes represent some of the most complex com-
pounds isolated from sediments or petroleum to date. The carliest reports
were based on the recognition of molecular ions and certain fragment
peaks suggestive of sterane-like com pounds in the mass spectra of complex
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The identification of gammacerane (135} (10}, the isolation of four
new, as yel unidentified, triterpanes from Nigerian crude oii (136a) and of
thiee (Cq3~Cy) unknown triterpancs from the Westwood Shale {69}, and
the demonstraticn of apparently pentacyclic hydrocarbons of the tri-
terpenoidal-type (peaks at 191 and 205) rangihg in mass from 370 (Cgp)
to 434 (Cy,) (137) represent more recent studies which employed mass
spectrometry quite extensively. The tricyclic }iiydrocarbon ficheelite (11)

(11)

has been reported recently by Maxwell (69). Fairly extensive mass spectral
data on other unidentified triterpenoidal substances have been obtained
by Haug (117) and Maxwell (69). Mention should be made also of the
identification of 1,2,3,4-tetracycio-2,2,9-trimethylpicene (138) and cyclo-
pendano- and methyleyclopentanophenanthrene (139) (which, though not
sterane hydrocarbons, may represent their degradation products), although
mass spectrometry was used only peripherally here,

It is evident from the above discussion that mass spectrometry,
although rarcly capable of defining a complex structure unambiguously,
provides crucial information as to structural type and molecular size and
can yield precise information on the gross structure of unknown compounds
even when no suitable authentic material is available for comparison.
The ability to recognize at least the structural type with relative certainty
is of profound importance to geochemical studies, considering the minute
quantities of substance usually available, since even such a partial charac-
terization would be a rather tedious enterprise with other techniques and
would depend mostly on fortunate speculation. It is to be remembered,
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data counsisting of the mass spectrum of moretane (9b) demonstrate that
such a skeleton may not be exéluded on the basis of mass spectral data
alone.* Recently, the capillary gas chromatographic behavior of authentic
tupane has been compared with a branched ¢yclic hydrocarbon extract of
a 10-g sample of the Green River Shale (132). These data indicate that the
major triterpane is eluted somewhat later than lupane, and the skeleton
of hopane (9¢) has been suggested, although authentic hopare was
apparently not available for confirmation, The peaks at mje 19, 149, and
137 are quite typical for this type of pentacyclic skeleton, although
simple positional isomers of the basic ring system (cf. lupane, hopane,
morctane) could not be expecled to give easily distinguishable fragmenta-
tion patterns, Detailed discussions and data bearing on the mass spectro-
metry of triterpenoid hydrocarbons may be found in the papers of Djerasst
and co-workers (5,133,134).

=

b
o) ob)

9c} (3d)

Some mass spectrometric evidence for the presence of tetracyclic and
pentacyclic hydrocarbons in a Precambrian sediment is illustrated in
Figure 23. The data can be interpreted in terms of a mixture of Car
(MW = 372), Cpp (MW = 386), and Czs (MW = 400) steranes and Cag
triterpanes (MW = 412), but since a refatively complex mixture is at hand
these assignments must be considered to be quite tentative.

* Unpubiished data from the authors' laboratory on a sample provided by D,
Richie, University of Sydney, Sydney, Australia,
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however, that the mass spectrometric information available on authentic
compounds is based solely on substances derived from natural products,
and whether a substantially modified structure of 2 triterpenoid and
steroid hydrocarbon derived from geologic sources could be recognized
from its mass spectrum is then opea to some question, High resolution
data would be desirable for unknown compounds to exclude the possibility
of oxygen substituents (a ketone would, of course, be isomeric with the
hydrocarbon with one more methylene unit; see discussion in secticn on
aromatic compounds). Complete identification may, in any event, prove
to be a rather difficult and tedious problem, particulacly if any of these
compounds [consider, for example, the existence of “‘triterpane E"
(9d) (136b) and of Cy or Cu-Caa triterpenoidal hydrocarbons! had
undergone substantial structural medification.

5. Olefins

Mass spectrometric studies on olefins derived from geological
material are not commen, aithough compound type analyses, including
determination of olefins in petecleum fractions, have been perfarmed
frequently. Field and Hastings {78}, Frisque ¢t al. (140), and Mikkelsen
et al. (14]1) describe the methods and problems invelved in quantitative
analysis of fractions containing olefins.

The gas chromatograph-mass spectrometer combination with the
addition ol a * microreactor™ has been utilized successfully for the analysis
of olefinic mixtures and determination of individual compaunds (56). The
microreactor {installed either befure or after the gas chromatograph)
reduces olefinic compounds to the respective saturated substances, the
structures of which are then characterized by mass spectromelry. The
structure (often including stereochemistry) of the original olefin is then
deduced from data of different runs (i.c., microreactor before and alter
the gas chromatograph) and retention values. This approach resulted
in the identification of a considerable number of individual olefins from
a cracked gasoline olefin-paraffin mixture (56), and of a series of «-olefins
ranging from C;, to Cy, (142). Otefins derived directly from sediments
have not received much attention thus far except for some reports of
olefins in shale oil (143,144).

An analysis of olefins from zooplankton is illustrative of the
methodolegy appropriate for characterization of microgram quantities
of individual alkenes. The carbon skeleton of four isomeric phytadienes
{12-15) isolated by Blumer and Thomas (145) was established by mass

spectrometry after hydrogenation to the saturated compounds, and the
position of the double bonds was established by infrared spectroscopy and



406 H. K. SCHNOES AND A. L. BURLINGAME

s to an acid (for 12) and aldehydes (frot:n 12, 14,
and 15), respectively. Dienes 14 and 15 were found to differ onl}l in for:b(l’er
bond geometry. A similar approach was used to deduce LT;ZS ructu
three isomeric alkenes with the pristane carbon skeleton (146).

P O P N

ozonolysis of the diene

(12)
Z
{i3)
)\/\/l\/\/K/\N
14 {15)
CHy—{CHa)y (CHa)»—CHa

O><O

(16}

Complete characterization of olefins by mass spectrome%ry‘ ‘:s us:?z:g
not possible since double bond isomers_tend to give ‘rath.u:r simi a;,dn ot
identical, spectra. Several methods, all involving d_erwlatlzanon ob[ c‘lmnd
bonds. have been devised recently for the determlr.mt.mn of double e
positians. One of these depends on the charactenr:su? fragmengkation !
isomeric ketones derived from the olefin by epoxidation and rez;\rralr;gg)
ment (147). Eporxides formed from olefins can.be ustd as ‘su;:4g( an&
Conversion of an alkene to an amino alcohol is also useful ( ).sl t
jsopropylidene derivatives {150) such as .16 have been shown l(()jbc ;x;;ni:-
derivatives for this purpose. Hydroxylation of tﬁe double ben ?an e
tion of vic-methyl ethers (151) or trimethylsilyl ethers {152) are o_me
attractive methods. All methods are based on the fact that apprzpnla
functionalization will yield compounds wh.os_e mass spcc}r_a :srp‘hi
relatively infense peaks which are characteristic of the position © i
double bond. The methods wark best for one double bond, but‘ me tgd
ether derivatives appear 10 give interprelabl; spectra for po]yunsatdura:rhe
structures, at least as far as carboxylic acid csters arc goncerned.

isopropylidene procedure seems (0 permit distinction between geometrical

isomers, if both are available for direct comparison. The wtility of any of ]

these methods for the analysis of microgram samples ot less has yet to be
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demonstrated. The ozonolysis experiments of Blumer and Thomas
(145,146) would appear to constitute another excellent approach for very
small samples, particularly when used in connection with GLC-mass
specirometer instrumentation. Techniques have been described for the
routine application of degradation by ozonolysis to microgram quantities
of an olefin (153). However, for mixtures of alkenes an interpretation of
the results in terms of structures of individual olefins might prove difficult.
For geochemical use, 2 good method should be applicable to the analysis
of very small quantities of relatively complex mixtures (olefin—paraffin),
yielding suitable volatile derivatives for analysis by GLC-mass spectro-
metric techniques. Hydroxylation-silylation procedures would appear to
have potential in this respect.

6. Aromatic Compounds

Aromatic hydrocarbons which, in general, exhibit ratiter well-defined
mass spectra with relatively promincnt molecular ion peaks and intense
fragment peaks corresponding to the series mfe 91, 105, 119, 133, ete. (for
alkyl-substituted benzenes; mfe 141, 155, etc,, for alkylnaphthalenes, for
example} have been actively subjecied to mass spectrometric investigation.
Discussions of results derived mainly from type analysis of petroleum
fractions have been presented previously (JE,£54). O'Neal and Wier (83}
have presented data on individual aromatics, a very comprehensive
review (155} on the mass spectra of alkylbenzenes is available, and
mechanistic problems are treated in some detaii by Budzikiewicz et al. (3).

An example of identification of individual aromatic hydrocarbons in
petroleum fractions is provided by the work of Mair and co-workers,
whose analyses of 1he mononuclear (136,157}, dinuclear (158,159), and
trinuclear {139} aromatic fractions of petroleum have led to the charac-
terization of a considerable number of aromatic compounds. Most
eflort has been devoted, however, to compound-type analyses of aromatic
petroleum fractions, a reflection of the interests of petroleum chemists
whao were concerned with devising fast and reliable analytical methods to
determine the overall composition of crude petroleum or distillate fractions
rather than with the detailed characterization of isolated components.
Low voltage mass spectrometry introduced by Field and Hastings (7€)
has been used with considerable success in this area (160-163). Since the
ionization potential of aromatics is lower than that of aliphatic compounds,
the analysis of the former in mixtures of olefins and saturated hydrocarbons
becommes possible.

Low voltage techniques using single-focusing mass spectrometers
distinguish between a limited number of compound classes. Ambiguities
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arise particuiarly when heteroatomic compounds are present in the
fnixture, usually necessitating relatively elaborate preseparation. High
resolution mass spectrometers, therefore, represent a very significant
advance in instrumentation for studies in this area, since the resolving
power and mass measurement accuracy of such equipment readily distin-
guishes. between isobaric substances differing in elemental composition.

Carlson and co-workers (79) first applied high resolution mass
spectrometry 1o geochemical investigations. Utilizing an instrument of
relatively low reselution by current standards, they werc able to achieve
the separation of peaks due to saturated hydrocarbons from naphthalene
homologs of the same nominal mass {12C vs. Hy,) and of alkylbenzenes
from aikyl benzothiophenes (*28 vs. *%C;Ha). Alkyl thiophenes could be
identified also. Lumpkin (164), who obtained spectra of a trinuclear
aromatic petroleum fraction at high and low resolution and high and low
electron voltages, was able 1o distinguish series of acenaphthenothiophcnes
dibenzofurans, acenaphthenes, dibenzothiophenes, phenanthrenes, fluor-
enes and carbazoles. Accurate mass determination at a resolution of
about 10,000 was accamplished by peak matching. Figure 24 is itlustralive
of some of Lumpkin's dats, showing the effect of low ionizing voltage on
the appearance of the mass spectrum. At 8 eV only the molecular ion of
carbazole {CyH ;N) appears at mass 195; as the electron energy is raised,
various fragment ions of hydrocarbon, oxygen, and sulfur compounds
become important contributors.

Johnson and Aczel (165) have described a technique for recording
mixture spectra at a resolution of 10,000 and low ionizing voltages on
chart paper from which compositions are calculated by linear distance
measurements between peaks of known and unknown masses. The method
is reasonably rapid and quite adequate for mixtures of homologous series
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Fig. 24. Low voltage, high resolution mass spectrum of mfe 195 (after ref. 164),
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of compounds containing N, 8, or O as heteroatoms. Mead et al. (166)
reported on hydrocarbon and sutfur compound types in petroleum
utilizing a similar approach. A study of petroleum waxes, microcrystalline
waxes, and ozokerite (167) at high resolution (5000-£0,000) discussed the
distribution of hydrocarbon-, oxygen-, and sulfur-containing constituents.
An interesting finding of this work is the presence of the series C,H;,0
{n = 16-25) and C,Hgz, 20 (n = 17-24), which could represent aliphatic
and cyclic ketones, respectively.

A group type analysis of petroleum fractions by high resolution mass
spectrometry (resolution about 5000} which determines 19 compound
types has recently been reported by Gallegos et al. {168). Data {rom their
paper are presented in Figure 25. Field jonization combined with high
resolution instruments as reported by Mead and co-workers (165,170)
will no doubt develop into another important technique for the analysis of
complex mixtures. An analysis {170) for parafiins, (mono-, di-, and
tricyclic paraffins), alkylbenzencs, and indane-tetralines gave quantitative
data in good agreement with those obtained by more conventional mass
spectromettic methods. The simplicity of the calculations makes field
ionization an attractive alternative analytical technicque, particularly for
paralfin—cycloparaffin mixtures.

In these studics, high resolution spectra weee cither recorded on chart
paper, or accurate masses were determined by the peak-matching technigue,
but in the future digital data acquisition and processing techniques and
high resolution mass spectrometers coupled on-line to a fast computer
will no doubt be applied routinely. This would then be an extraordinarily
rapid method for the detailed analysis of any petroleum fraction. Tn the
.authors' laboratory such an on-line mass spectrometer—computer system
is currently employed for preliminary analyses of organic fractions obtained
from ancient sediments. The example of Figure 26 shows the spectrum of

" the carboxylic acid-free extract obtained from the demineralized {previously

exhaustively extracted) Green River Shale (171). The spectrum was
determined in real time (20 at a resolution of 10,000 using 70-eV electron
bombarding energy. A detailed analysis is not appropriate here, but
particularly noteworthy are several high mass jons. For example, the ion
of compasition CyoHqg would correspond to the molecular ion of perhydro-
B-carotene. Below that peak several ions, CyoHze, CicHeen CyHee and
C,oH,z. might be taken to indicate polycyclic tetraterpencs. Triterpenoid
carbon skelctons are indicated by the appearance of ions calculating for
CacHsze CysHan; the intense fragment peak at mie 191 (C1Has) would
support this conelusion. Two very interesting oxygen-containing species are
apparent from the C/HO plot: compositions of CyoHsp0 and CapH 0 are
suggestive of terpenoidal ketones.
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Fig. 25. Segment of a high resolution mass spectrum of the 800-950°F fraction of an Arabian crude oil (after ref. 168).
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The suggestion, if substantiated by the actual isolation of these
ketones, is significant because a recent study by Eglinton and co-workers
(132) employing a GLC low tesolution mass spectrometry study of a
similar fraction from the same shale failed to reveal the presence of
functionalized components.

Such high resolution analyses of complex mixtures are no sub-
stitutes for the rigorous characterization of individual compounds,
but they are extremely valuable as preliminary investigations to dis-
cover the range and class of compounds present in a mixture. The method
can reveal minor, but potentiaily very interesting, components and
provides excellent, although not necessarily unambiguous, initial data for
more extensive and detailed investigations.

B. Carboxylic Acids

Studies on the fatty acid content of petroleurn and shale oil have been
reviewed by several authors (144,172-174). In the early work, mMass
spectrometry was utilized only infrequently, but in more recent publica-
tions, particularly those on the characterization of acidic constituents of
shales, it has furnished very important structural data. For normal,
branched, and oxyacids, mass spectrometry o doubt represents the single
rost useful physical method of identification, particularly since cxtensive
mechanistic studies on these classes of carboxylic acids have been under-
taken [for leading references, see the review by Ryhage and Stenhagen
(175)]. Acids are commaonly analyzed as their methyl esters, which exhibit
very well-defined fragmentation patierns. For a normal acid methy] ester,
for example, the ion at mje 74 (resulting from McLafTerty rearrangement
of the pamma hydrogen) and the series of even-electron peaks at m/e 87,
101, 115, etc. (resulting from cleavage of the alkyl chain, presumably
with muitiple hydrogen rearrangements) are the dominant ionic species.
Structures of more complex acids, such as isoprenoidal acids, are defined
by both the possible shift of the peak at mfe 74 (il the substance carries
ah e-substitvent) and the enhancement of certain peaks corresponding to
cleavages at the site of branching. For norphytanic acid methyl ester
{C,q), the pattern indicated roughly in 17 would be expected and, as
Figure 27 shows, is indeed observed. Mixtures of normal fatty acids
{which can be separated from a total acid extract by ecclusion in molecular
sieves) are most frequently characterized simply on the basis of the GLC
elution pattern, and mass spectrometry has been used sparingly for their
identification, providing mainly a further check on previous assignments.
The isolation of normal acids from marine {176), recent and ancient
sediments (177-181) and from shaie kerogen (181,182) provides examples
of this approach. By contrast, for the identification of isoprenoidal acids,
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mass spectrometry becomes much more impartant and, indeed, essential.
Cason and Graham (183), using GLC and mass spectrometry, reported
the aceurrence of the Cys. Cis, Ciss and Ca isoprenoid acids in California
petroleum; comparisen with synthetic samples ectablished the identity of
these compounds conclusively. Most other studies on acids relied on mass
spectral data more extensively o define the structures of compounds or
to advance structural postulates. Eglinten and co-workers {67), employing
a gas chromatograph-mass speclromeiey combination, identified phytanic
(Cgo) and norphyianic (C.q) acids (sec Fipgs. 27 and 28) in Green River
extracts (67) and later also the series ranging from Cyy to Cys and the Cyy
acid (68,186). Their reports contain complete mass spectral data on afl
isoprenoidal acids isolated. Isoprenoidal acids from the same shale have
also been reported by Haug et al. (187, and Cason and Khodair (1B8)
identified the C,, acid in petroleum. Siudies on the kerogen of the Green
River Formation {182,189) have revealed the presence of several iso-
prenoid acids; the mass spectra of the Cyp and Cy acid esters [rom this
work are showa in Figures 27 and 28.

When mass spectrometry supplies the only physical data on the
structure of an unknown isoprenoidal acid, some caution should be
exercised in the interpretation of the spectra since the enhanccment of the
peaks due to fragmentation at the site of branching is not very pronounced.
Fortunately, the literature contains fairly complete documentalion of the
spectra of isolated isoprenoidal acids such that comparison with the older
data is always possible, This is particularty important should acids with
irregular branching be found in geologic materials. In this eonnaction, it
shoutd be pointed out that isoacids are difficult to distinguish from normal
acids by the mass spectrum alone (101). Iscacids do not appear to be
commen constituents of the carbonaccous sediments examined thus far. A
report of their occurrence in the Green River Formation needs confirma-
tion (150).

Unsaturated acids from Scottish shale oil (68,186} have been partially
characterized by mass spectrometry. Distinction between olefinic esters and
their cyclic isomers by mass spectrometry presents little difficulty, since
the former exhibit rather pronounced M — 32 and M — 74 peaks, but
the position of the double bonds can usually not be specified. The spectra
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of «,f-unsaturated esters are an exception to this rule since they are readily
distinguished from other unsaturated acids (175). Recently, a method has
been developed which enables definition of the geometry of the o f-unsatu-
rated acids in question (191). This involves the esterfication of the «,f-un-
saturated acid with a long-chain alcohol, such as hexancl. The fragment
due to the dipr_otonalcd acid, common to these esters, QCCUrS ONE Mass unit
lower in the cis isomer than in the frans isomer. An attractive feature of the
method is that both isomers are not needed to define the stereochemistry

. of the double bond since the mass spectra of these derivatives are pre-

dictably different. For complecte characterization of other than «pB-
unsaturated acids, however, derivatization of the double bond by the
methods described in the section on olefins is a precequisite. McCloskey
et al. (192) have reported on the mass spectra of isopropyliding derivatives’
of unsaturated esters, and the formation of methoxy derivatives (151)
appears to be the best method currently for determining double bond
positions of polyunsaturated esters.

Mass speclrometric identification of eo,e-dicarboxylic acid esters
isolated from the Green River Formation (187} and from Scottish
Torbanite have been reported (186} Based on the work of Ryhage and
Stenhagen (175} such identifications appear relatively secure, since the
mass spectra of acid esters of this type are distinguished by intense peaks
at Af — 31, M — T3 and mje 9% and 74. Two examples, both acids isolated
from the Green River Formation {(187), illustrate this patiern (Figs. 29 and
30}, The spectrum of Figure 29 is that of dimethyl tridecanc-1,13-dicate,
while that of Figure 30 would suggest an a-methyl substituent, i€,
dimethyl 2-methyltetradecane-1,14-dioate.

Haug, Schnoes, and Burlingame (193} reported the occurrence of
methyl ketoacids in Green River Formation extracts and presented fairly
conclusive mass spectral data in support of their structural assignments.
Figure 31 shows the spectrum of methyl 10-oxoundecanoate. The
fragmentation pattern is in excellent agreement with this struciure, but
the presence of impurities in the sample as well as the rarity of this class of
compounds in sediments make further confirmation desirable. High
resolution data suggesting an extended series of keto acids in the same
formation have been presented recently {171,194) and are discussed in
detail below {171).

Hydroxy and fatty acids have not been detected in sediments thus far,
but the results of Eglinton et al. {195) on hydroxy acids from apple cutin
have bearing on future geochemical investigations of these compounds.
The acid esters were converted to trimethylsilyl ether derivatives {cf.
structure 18), which facililates both their gas chromatographic and mass
spectrometric analyses, as shown in Figure 32. The characteristic
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fragmentation of silyl ethers defines the position of the hydroxyl function
(see 18 for mfe 273 and 303 and peaks in Fig. 32) and probably constitutes

—_—

imfe 273
: )
(\/\/\/\M\/\/\/\/H\O/

0 ol
| |t
—8i— —Si+
| i
mle 303

(18}

the best method of analysis for such compounds. The mass specira of
trimethylsilyl compounds exhibit “anomalous” peaks which have been
shown to arise by transfer of the TMS grouping (185,196).

Aromatic acids from shales have been reported in one study (197}, in
which a considerable number of compounds were isolated but few could
be rigorously identified, since the substitution pattern on the aromatic
nucleus is difficult or impossible to establish from the mass spectrum
itself and since relatively few compounds in this class have been subjected
to any detailed mass spectrometric analysis (184,198-200).

Some general structural features are often quite apparent, however;
for example, the size of the aromatic nucleus {number of substituents) and
the length of the acid side chain can be deduced from the mass of frag-
ments arising by benzylic cleavage common o these compounds. The
spectra of Figures 33-35 from this work provide some examples. The first
is clearly“ihat of a methyl benzoic acid ester, whereby the lack of an
appreciable M — 32 peak excludes the ortho isomer. The spectrum of
Figuse 34 is nicely accommodated by a structure of type 19, which, i
correct, would be of considerable biogenetic interest, and the spectrum of
Figure 35 represents one of the possible isomers of a methyl naphthyl-
carboxylic acid. Di-, tri-, and tetracarboxylic acids have been obtained by

e i Q-
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Fig. 35. Mass spectrum of methyl methyinaphthoate (197}

the ozonolysis of coal and some of their mass spectra are documented {46).
More extensive collection and interpretation of the mass spectra of
authentic compounds quite obvicusly should be the prelude 1o further
detailed studies of this class of geochemicals, and NMR and infrared
data will no doubt be necessary for any really rigorous characterization.

The mass spectra of cyclic acids and their esters are yet more complex,
and the information they provide can only be described as ambipuous at
this stage. The nature of the ring (cyclopentyl vs. cyclohexyl) and, therefore,
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the number andjor size of substituents are not necessarily apparent from
the mass spectral pattern. In at least some cases, stereochemistry introduces
a further complicating feature, often drastically affecting the intensity of
important peaks (201,202). Cason and Khodair (202} bave published a
discussion of the mass spectra of several cyclopentyl acetic acids and
cyclopentenylacetic acids, and Cason’s group has utilized mass spectro-
metry quite extensively for the characterization of monocyclic acids.
However, the identification of a Cy, eyclic acid (20} {203) and of acid 21

O
I H
~— o
20
0\.
l.) H
21)

(201,204} in a California petroleum are examples where definite structural
assignments depended on synthesis of presumed carbon skeletons guided
by the evidence available from the mass specira of the methyl esters and
amides of the isolated acids. Monocyclic acids ranging in the molecular
weight of their methyl esters from 156 {cyclopentylacetic) to 212 (Cy,
monocyclic acid) have been obtained in the authors' laboratory also from
the Green River Qil Shale (117). In this case, mass spectrometric analysis
allowed only tentative structural assignments for several relatively simple
cases. Much more detailed mass spectrometric studies on a variety of
cychic acids are quite obviously needed here, but even at present mass
spectrometry can provide invaluable structural leads and serve as a guide
to more eiaborate approaches (degradation, synthesis) to the determination
of the structure of unknowns. ’

Finally, in this section, we wish to discuss an example taken from work
in the authors’ laboratory of the role which high resolution mass spectro-
metry combined with rather quantitative chemical transformations can
play in providing precise information about the structural composition
of complex mixtures of acids.* This mixture of acids was obtained by
extraction of the 24-hr oxidation of Green River Formation kerogen with
ether {171). The gas-liquid chromatogram of the methyl esters of this
total ether extract is presented in Figure 36. It was known to caontain

* W_I. Richter, B. R. Simoneit, D. H. Smith, and A. L. Burlingame, Anal. Chem.,
41, §392 (1969),
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Fig. 36. Gas-liquid chmm_aiogram of the total elher extract esters Irom the 24-hr,
oxidation (Green River Formation).

dicarbo.xy[i'c acids {Cy-Cy5) as major components from capillary GLC-MS
determinations, in addition to many other minor components. Examination
ofthc high resolution mass spectrum (shown partially in Fig. 37) of this
mixture of esters revealed a series (from C; to C,,) of low abundance jons

-carresponding te the molecular ions of dicarboxylic acid esters (peaks

Jabe]eq b in CfH O, plot of Fig. 37). However, since the major peaks
occur in the C!H Oy plot due 1o the known loss of methoxyl radical from
thf: malecular ion of the dibasic cster to give intense C,H,, - 10, type ions
(&), the modecular ions of oxo-carboxylic acid esters (a) were so‘mewhat
obscured by the **C isolope peaks of these C,H,, _,0, ions, although the
peaks are too large to be accounted for solely by isotopes.

The suspected molecular jons, a, of the oxc-esters range from Cy to
C;5. as may be seen in the C/H O, plot of Figure 37. This ester mixture
was then reduced with sodium borohydride and treated with silylating
reagent to yield a mixture of dibasic esters and hydroxy esters-TMS
ethers. The salient high resolution mass spectral data on this mixture are
prcsentefl in _Figure 38. It should be noted that the oxo-ester molecularions
p‘rescfn in Figure 37 {C/H O,} are now absent in the C/H Oy, while the
dibasic ester M—CH,0- peaks are present. The reduced, silylated oxo-
cs.ter components now appear as hydroxyester—TMS ethers in the C/H
5i0y, _plot of Figure 38. The fragments containing the TMS ether and ester
functions (22) now range from C; to Cyy, e.2., # = 1-9 in 22, labeled a”in
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Figure 38. Examination of the C{H SiO plot in Figure 38 reveals only one
peak of structure 23 with m = @, thereby confirming that the eriginal
acids are, indeed, (w — l)—oxo-carboxylie acids.
|
*/&
o
¢
HC /CHs
(CH
(13

¢, Nitrogen Compounds

Although a considerable number of individual nitropen compounds
have been isolated from petroleum and shale oil, mass spectrometry has
been used primarily for compound type analyses rather than [or detailed
structural- work. Several reviews (172,173,205-207) may be consulted for
an introduction to the results of analyses on nilrogen compounds in
petroleum. Type analyses of mixtures of nitrogen compounds are based
on the **z-number concept,” that is, a given nitrogen heterocyclic ring
system of peneral composition C,Hg, . N can be recognized by the value
of z (i.e., hydrogen deficiency); for example, the * z-numbers ™ of alkyl-

_ pyridines, indoles, or quinolines would be —5. =9, — L1, respectively. A
given skeleton is usually not, however, unambiguousty defined by the
z-number alone, since the value need not be unigue for a given structural
type; for example, both tetrahydroquinolines and cycloalkylpyridines
have z = —7. Thus, prefractionation of nitrogen compound mixtures is
wsuzlly a prerequisite for any detailed analytical study. High reselution
mass specirometry, while not distinguishing compositional isomers.
would be of considerable advantage since compounds containing different
heteroalomic combinations could be distinguished readily. Extensive
fractionations of crude mixtures could thus be avoided in many cases.

Numerous compound classes have been shown to cccur in oils and
petroteum fractions by a combination of mass spectral, ultraviolet, and
infrared data. The papers of Sauer and collaborators (208}, La Lau (209),
Jewell and Hartuag (210,211}, Snyder and Buell (212). and Dinneen et al.
(213) are representative of these investigations. Recently, high resolution
mass spectrometry has been utilized (214).

For the rouline application of mass spectrometry 10 structural
elucidation of individual compounds much moré extensive mass spectral
data on the various nitrogen-heterocyciic types would be desirable.
Biemann (215) has discussed the fragmentation of several ethylpyridines;
the mass spectra of a number of other substituted pyridines have recently
been published (216,217). Discussions of quinolines, isoquinolines, and
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tetrahydroquinofines have recently become available (218-220}, as well

- as those of oxygenated quinolines (221,222). Two reviews summarize

pertinent data on the mass spectra of N-heterocyelic compounds (3,223),
particularly from {he mechanistic viewpoinL.

The unambiguous siructural definition of aromatic nitrogen com-
pounds, in contrast to aliphatic bases, is usually not possible by mass
spectrometry alone, and ultraviolet and infrared spectroscopy, as weil as
NMR, have been used routinely in detailed investigations. In shale oil
naplitha, substituted pyridines and pyrroles have been identified (144,224).
Carbazote and alkylcarbazoles (C-1 — C-10) have been reported in
Wilmington petroleun {225). Carbazale was purified by pas chromato-
graphy and identified {rom its mass spectrum (MW = 167} and other
spectraf data. Alkylpyridines, -pyrindines, and -indoles have been isolaied
and identified in petroleum (226},

Renzonitrile occurs in shale oil naphtha (144), and a number of other
nitriles have been identified in hydrogenated furnace ails, such as dicyano-
benzene, cyano-2,3-dihydroindene, cyanonaphthalene, dicyanonaphtha-
lene, and dicyan0-2.3-dihydr0indene. Aliphatic nitriles (C-12 to C-15)
have been reported in Colorado shale oil {143). A preliminary report of a
very detailed analysis of Wilmingten petroleum has been made (227).
Nitrogen compounds of the cyclohexylpyridine, pyridine, and quinoline
type were isolated by repeated pas chronatogea phic sgparation on differcnt
columns and were identified on The basis of NMR, ultravialet, infrared,
and mass spectral data. For example, 2-(2‘,2',6'-1rimethylcyclo11exy1)-4,6~
dimethylpyridine and 2,3.7a,8.9-pentamethyl-lrmrs-cyc!openta-(f)-pyrin-
dane are mentiened, but no detailed mass spectral data were presented. The
cyc]ohexylpyridine is a known constiluent of petroleum (172,205). There
appear o be no reports of bases extracted from shales directly, although a
preliminary study utifizing both high and low resolution mass spectrom-
etry of the bases from the Colorado Green River Formatjon has been
undertaken in the authors’ laboratery (117). Figure, 39 illustrates part of
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Fig. 39. High resolution mass spectrum of Colorado Green River Formation basic
fraction, TfH N.



GRS DEMIN EX ALK %5 Cr/H N

'1'i'l*rl‘ I

&=

o
n
~

ALLSNILWE InTlpT3n

426

s-10 g
5717 &~<18 T-16 B-48 5-20 0,77 L1024 12/26 33776 19400 1592 1639 1736 18,30 13/40 2042 21784 22,46 23 /48 1480 18,52

36

Fig. 40. Partial high resolution mass spectrum of a base extract from demineralized Green River Shale.
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this data, 2 high resolution spectrum of the total bases isolated from a
benzene—methanol extract of this oil shale. The spectrum, obtained at
70 eV, contains both molecular and {ragment ions, and an interpretation
in terms of the molecular species present can only be temtative. lons of
composition C,H,N, CgH, N, and CoH o N, Tor example, would corres-
pond to molecular ions of simple alkylpyridines and the series CiHgN,
CoH N, C;oH,, N would fit for fragment ions of this class of compounds.
Alkylguinolines (with alkyl substituents ranging from C; to Cg) are
indicated by the homologous series CoHpN to C,sHi: N, whereby the
C,, C4, and Cq alkylquinolines appear to be present in greatest abundance.
These quinolines appear as major base constituents among the nitrogen
compounds in the Lotal extract of this shale aftcr demineralization (Fig.
40). The homologous series extends from the C, alkylquinoling (CyyH N}
to the C,a alkylquinoline {CygHayM). Other nitrogen compounds are
minor contributors, except for the C; alkylpyridine {CioHisN). A third
series of compounds is apparent in Figure 39, commencing with the ion of
composition CHy N up to C,gHaN. Alkyltetrahydroguinclines would
fit these compositions, but other compound types, e.g., cycloalkylpyridines,
are equally possible. For each molecular ion series a corresponding group
of peaks at even mass is present which can be ascribed 1o fragment ions.
Alkylpyrroles may be present; the peaks at C,gH N and C,,H;:N would
correspond to the Cyq and C, alkylpyrrole molecular ions, respectively.

D. Porphyrins

Porphyrins represent a special class of nitrogen-containing compounds,
considered here as a separate topic. The mass spectrometry of porphyrins
and related cyclic tetrapyrroles has presented difficultics which could be
avercome only with the availability of direct introduction systems. Since
then, the sparse literalure on porphyrin mass spectromelry, which inctuded
nickel etioporphyrin (228} and vanadyl etioporphyrin (229), has been
entiched by a quick succession of fairly detailed papers on mass spectra of
porphyrin, chlorin, and refated tetrapyrrole compounds {230-237).

The results leave no doubt that mass spectrometry is an excellent
tool for the study of fossil porphyrins. The tetrapyrrole system is quite
stable and molecular jons are easily recognizable, If the basic ring skeleton
can be defined by absorption spectroscopy, then the mass of the molecular
jon, its composition, and the elimination of certain fragments allow
postulation of at least tentative conclusions concerning the number
and type of substituents. Preliminary analyses to determine the molecular
weight range of porphyrins (and elemental compaosition) by high resolution
mass spectrometry in a complex mixture are easily carried out and the
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distribution of porphyrins in different geologic enviranments can be
quickly and routinely determined. Not surprisingly, then, mass spectro-
metry has assumed increasing importance in recent work on geoporphytins.
For example, a pigment mixture isolated from the Serpiano Qil Shale (238)
was analyzed by absorption spectroscopy and mass spectrometry. Homo-
logous series of porphyrins of the etio- and deoxyphylloerythro ring
skeleton were indicated. Chlorins could also be recognized, zlthough these
tended to degrade partially to the corresponding porphyrin skeleton. Twa
series of vanadivm complexes were identificd—a homologous etio group,
exhibiting a molecular weight range from 436 to 492, and a deoxyphyllo-
ervthro group with molecular jons ranging from 438 to 504. The mass
spectra of another fraction indicated two series of compounds, one
comprising the homologs of molecular weight from 430 to 500, the other
those from 456 ta 498, These data could be rationalized by the assumption
of trivinyletioporphyrins, but chromatographic data and ultraviolet
spectra were consistent with hydroxyetioporphyrins; the vinyl groupings
could then be explained by the elimination of water in the mass spectro-
meter inlet systems. Later work on the Serpiano Qil Shale pigments (239)
using Sephadex columns for fractionation indicated high molecular weight
constituents (up te 20,000). Porphyrin fractions of molecular weight up
to 700 were obtained also; their mass spectra indicated alkyl substitution
on the ring system including from 7 to 23 methyleng units.

Porphyrin constituents of the Green River Formation, its shale oil,
and of Wilmington Crude Oil have been compared {240). The ultraviolet
spectra of the oil shale porphyrins indicated structures of the phyvlio type;
the mass specira showed two series; one, hemologs of etioporphyrin, the
other, homologs of etioporphyrin with ane additional degree ol upsatura-
tion; heir molecular weights ranged from 420 10 534 for one series and
from 422 10 536 for the other. The shale oil porphyrins were generally of
lower molecular weight (ranging from 366 to 5221 as the indium mono-
chioride complexes formed by intreduction of the sample through an
indium valve) and belonged to the etio spectral type. The petroleum
porphyrins showed the phyllo-type absorption spectrum and a series of
molecular ions from 438 to 550. For the shale and petroleum porphyrins,
tetrapyrrole nuclei substituted by alkyl and carbatkoxy groupings are
suggested. The porphyrin distribution in petrolcums has been studied
using low-voltage mass spectrometry (241), and more recently high
resolution mass spectrometry was employed for an extensive investigation
into the porphyrin censtituents of about ten petroleums, as well as of
gilsonite, the Athabasca tar sands, and the Colorado Green River Forma-
tion Qil Shale (242). Two major and one minof series of pctroporphyrins
were detected: a series of alkyl etioporphyrins, whose visible spectra
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supgested either incomplete cubstitution or bridge substituents, and a
monocycloalkano series, whose visible spectra suggested the deoxyphylio-
erylhroporphyrin skeleton. For the minor series, homologs of alkyl-
bcnzopo}phyrin (24) are suggested from the avaitable mass spectral and
absorption data.

(23)

The complexity of porphyrin mixtures sas thus far prevented the
isolation of individual components. Gas chromatography would be an
excellent method for the isolation of pure fossil porphyrins in microgram
amounts if sufficiently volatile derivatives of the porphyrins could be
prepared. Recently, Boylan and Calvin {243) reported the preparation of
relatively volatile silicon complexcs of ctioporphyrin, a potentially very
useful approach to the detailed study of peoporphyrins. Mass spectral
data and reiention times of siicon porphyrins of type 25 are listed in their
preliminary study. It is not yet clear from available data whetber this
method will be suitable for complex mixtures of geoporphyrins, since the
preparation of the silicon complexes requires relatively severe reaction
conditions; however, the approach appears worthy of continued study and
refinement.
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E. Sulfur-Containing and Other Compounds

Sulfur-containing compounds of petroleum have been quite actively
investigated, since the propertics of a particular crude oil or distiliate
fraction depend to some extent on the nature and concentration of these
compounds. Information on the suifur compound types in petroleum has
been reviewed (174}; summaries of thiols and sulfides in petroteum (173)
and of sulfur compounds in shale il naphtha have been presented {144).
Mass spectrametry has been utilized quite extensively in this area, and the
literatlure contains extensive tabulation and discussion of the mass spectra
of different compound classes. This subject, particularly the mechanistic
aspects of sulfur compound mass spectrametry, is well summarized in the
work of Budzikiewicz, Dicrassi, and williams (3). Thiels. sulfides, disul-
fides, sulfones. and thiophenes are some of the importan classes considered
by them. Extensive tabulations of mass spectra of thiols and sulfides
(244,245), disulfides (245), and thiophenes (245-252) may be consulted
for some of the original data. Compound type analyses for both aromatics
and suifur compound types have been described (233) which distinguish
nine aromatic hydrocarbon classes as well as benzothiophenes, dibenzo-
thiophenes, and naphthobenzothiophenes. An application (254) of this
method showed that condensed thiophenes and their homologs were
major constituents of the sulfur compounds in Wasson petroleum. Mass
spectrometric data, bearing either on compound type analysis or on
identification of individual compaonents have been presented in a number
of investigations {1 23,255,256). The identification of a series of thiophenes
in shale oil, including mass specirametric results on jsolated and authentic
compounds, has been reported (144).

More recently, high resolution mass spectrometry has been utilized
for the determination of sulfur-containing compounds in mixtures with
hydrocarbon material. The early work of Carlson et al. (79) as well as
more recent contributions by Reid (167), Drushel and Sommers (257},
Mead et al. (166}, Lumpkin (164}, and Galiegos et al. (168), are represent-
ative of this work. An example of such a group type analysis (168) at
high resolution which determines benzothiophenes, dibenzothiophenes,
and naphlhobenzoihiophenes has been presented in an carlier section.

Qxvgen-containing heterocyclic compounds—for example, benzofuran
and refated structural types—have been detected in petroleum (79,164,211,
224), A recent investigation utilizing high resolution mass spectromelry
reported quantitative data on benzofuran, dibenzofuranes, and benzo-
naphthefuranes (214). Alkyl-substituted fluorenones (C-1 to C-4) have
been identified in Wilmington Petroleum (258) by ultraviolet spectroscopy
and the mass spectrum of a mixture exhibiting peaks at mje 194, 208, 222,
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236. The partial identification of an alicyclic ketone, as acetyl-isopropyl-
methylcyclopentane, based on mass spectral and NMR data has been
reported (259). Camphor and borneo! {!) have been identified in a 2-billion-
year old sediment for Greenland (260). Comparison of the mass spectra of
isolated and authentic samples leaves no doubt about the correctness of
identification. Phenyl alkyl ketones have heen detected in petroleum by
high resolution group lype analysis (2t4). Phenols have been identified in
shale oil (144), and a recent group lype analysis gives a quantitative esti-
mate ol their occurrence in petroleum (214). As this summary shows, very
few compounds, other than those of the hydrocarbon, acid, nitrogen- and
sulfur-containing classes, have been jdentified. Since, however, some of
these substances may be of great biological and diagnostic interest, they will
undoubtedly receive more prominent attention in the future.
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