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OVERVIEW 
The multifarious interests and pursuits covered by the 

name "mass spectrometry" all but deny definition of the scope 
or the focal point of this encompassing but divergent suite of 
scientific subjects. Perhaps the physical chemistry and the 
instrumentation with its analytical power once provided some 
sort of central ground clearly visible from all corners of the 
then fledgling field, but it is doubtful whether this is now true 
considering the present extent of the empire. Significant an- 
alytical contributions are emanating from medical and envi- 
ronmental laboratories with relatively little previous interest 
in mass spectrometry and perhaps no more than a passing 
acquaintance with either instrumentation and computers, or 
the intricacies of gas-phase ion chemistry. On the other hand, 
there are laboratories expert in reaction dynamics, collision 
processes, or geochronology who might be hard put to inter- 
pret the electron impact mass spectrum of an organic mole- 
cule. 

After an interim decade or so of empirical spectrum/ 
structure correlation studies, the analytical organic aspects 
are once again facing the problems of the real complexity in 
mixtures of substances which tend to characterize research 
problems from biomedicine to ecology, many times having to 
settle for the detection of one or a handful of components for 
the time being. However, new techniques such as chemical 
ionization, field ionization-field desorption, high resolution 
gas chromatography and high resolution mass spectrometry, 
and on-line minicomputers and microprocessors are providing 
a formidable, accurate and expedient arsenal for use in at- 
tacking these analytical problems. 

In truth, the interests of mass spectrometry extend from 
mathematics, physics and chemistry through cosmochemistry 
and geology, atmospheric and environmental sciences to the 
biological and medical sciences, and beyond to such improb- 
able disciplines as archaeology and history of art. The far- 
reaching effects of mass spectrometry are evidenced by im- 
minent planetary studies within our solar system. This July, 
on the Viking spacecrafts, miniaturized Mattauch-Herzog 
double-focusing magnetic deflection instruments will be 
employed to measure the composition of the upper Martian 
atmosphere (A5) ,  and soil pyrolysis Nier-Johnson type 
GCIMS instruments are then scheduled to land on Mars to 
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probe the nature of possible carbon and volatilizable com- 
pounds on that body ( A I ) .  Such studies may leave a lasting 
imprint on theories concerning the origin of life and funda- 
mental chemical evolution processes. Also, having developed 
high precision isotope ratio mass spectrometry, Wasserburg's 
group has just demonstrated an excess of 26Mg in the Pueblito 
de Allende carbonaceous meteorite which is the first evidence 
for relatively large amounts of 26A1-now extinct-in the 
initial few million years during the formation of our solar 
system (A3) .  Such a heat source could have melted objects in 
the kilometer diameter category. In addition, high precision 
isotopic analysis of Pb  has been carried out on as little as 8 X 
lo1' P b  atom (A8) .  

Thus, if diversity and heterogeneity are conspicuous char- 
acteristics of mass spectrometry, then clear, intelligent, and 
universally accepted nomenclature seems a necessity, merely 
to retain an intact identity. Yet meaningful nomenclature is 
precisely what this subject lacks. What mass spectrometry 
does own is an enormity of jargon, local colloquialisms, con- 
fusing acronyms, and general balderdash. A step toward a 
remedy has already been made b the Committee organized 
by Meyerson et al. ( A 4 ) ,  and the &PAC Sub-Commission on 
Mass Spectroscopy established in 1973 is now considering the 
whole nomenclature question. Some early recommendations 
from IUPAC were contained in the report by Robertson (A7)  
and these are now being extended. The first set of recom- 
mendations of the Sub-Commission has been approved and 
will be published, first as "tentative recommendations" and 
then, eight months later, in final form according to the usual 
IUPAC procedure. Further recommendations will follow later. 

One problem is that there are insidious advantages to 
maintaining a vague nomenclature. An impression of under- 
standing can be given where none exists, and unjustified 
claims to originality can be insinuated when, in fact, the 
technique, mechanism, or whatever is derivative or a mere 
modification of previous well-established work. A case in point 
is the techniques all of which essentially measure the inten- 
sities of a particular ion mass or masses in the spectra of ef- 
fluents from a gas chromatograph. The literature has been 
peppered with suggestions as to nomenclature without 
reaching consensus (A2, A6, A9,018) .  Another example is the 
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term “atmospheric pressure ionization” which could easily 
become misleading. There are already two types of experiment 
referred to by this term (PIO, PI3) ,  and also a third (“plasma 
chromatography”) which could be, but isn’t (P30-34); 

“chemical ionization a t  atmospheric pressure” might be an 
adequate description for the Houston variation (P5, P6, P9, 
PlO, Pl9) .  T o  distinguish chemical ionization with certain 
reagent gases from chemical ionization in general by speaking 
of “charge exchange mass spectrometry” (P27) can be con- 
fusing and does not really seem to be necessary. “Field de- 
sorption” and “field ionization” mean sample-handling 
techniques in organic mass spectrometry but are fundamental 
processes in physics and physical chemistry; to compound the 
problem, the ionization following the sample handling tech- 
nique “field ionization” with an organic compound generally 
involves the “processes” of field desorption as well as field 
ionization. Another example concerns the terms “quasi-” and 
“pseudo-” with respect to “molecular ions” which are not 
observed as such. Quasi- and pseudo-molecular ions pre- 
sumably yield quasi- and pseudo-molecular weights! “High 
resolution” is another problem. As an adjective it occurs as 
“high resolution GC/MS,” or “GC/high resolution MS,” or 
“HRGC/HRMS,” while both the chromatographic and mass 
spectrometric resolution may have been practiced a t  any 
unspecified resolution. Also, the value of M/AM a t  which the 
resolution may be described as “high” is somewhat subjective. 

The jargon effectively obviates reasonable peer reviewing 
and editing standards as the number of journals which accent 
papers dealing with mass spectrometry continues to prolif- 
erate. 

Since the IUPAC committee has authority over the clari- 
fication of nomenclature which will be accepted by the journal 
population, it is hoped that, under Beynon’s leadership, this 
terminological jungle will be cleared out in a nonpartisan 
fashion, resulting in nomenclature which will accurately reflect 
the expert practitioners’ definitions of the phenomena in 
question. 

SCOPE OF THIS REVIEW 
The work in mass spectrometry as reflected by the number 

of papers has increased again, and selection of subjects to be 
covered by this review is unavoidable. We adopt the same 
criteria for selection as previously ( B 4 ) .  Thus, after initial 
sections on instruments, techniques, and computers, we dis- 
tinguish between developments in ion chemistry and ana- 
lytical applications. We cover organic in preference to detailed 
treatments of organometallic, coordination and inorganic 
(B39) chemistry which are available (Spaulding in BI6) ,  and, 
in the applications section, we focus on biomedical and envi- 
ronmental studies. We believe our literature survey has been 
close to exhaustive for North American, European, Japanese, 
and Australasian journals, though the number of papers was 
a factor of ten too large for all to be included in the review. Our 
coverage extends from the cutoff point of the previous review 
up until December 1975, in the case of American journals, and 
October or November for most others. 

The literature is covered in the Mass Spectrometry Bulletin 
published from Aldermaston, England, since 1966 (B20); as 
we have indicated previously, coverage is exhaustive but quite 
slow. The mass spectrometry bibliography prior to 1966 may 
be found in volumes by Waldron for 1938-1957 (B36),  by 
Elliott for 1958-1960 (B7)  and by Mead for 1961-62 (B24). 
There are three international journals devoted entirely to 
mass spectrometry: Biomedical Mass Spectrometry (B3) ,  
International Journal of Mass Spectrometry and Ion Physics 
(B15) ,  and Organic Mass Spectrometry (B27). The last two 
appear monthly, and the first bimonthly. The Mass Spec- 
troscopy Society of Japan publishes a journal entitled Mass 
Spectroscopy (B21), and GC/MS News has now completed 
its third volume (B22); both are in Japanese. A book on gas 
chromatography/mass spectrometry (B34) and another on 
practical mass spectrometry for medical sciences have ap- 
peared in the Japanese language and may possibly be trans- 
lated in the future (B32). The 1974 edition of the “Registry 
of Mass Spectral Data” consists of four volumes and compiles 
reproductions of 18 806 authentic mass spectra (B3I) .  

The Seventh International Conference on Mass Spec- 
trometry will be held in Florence, Italy, in August 1976, and 
the proceedings will be published as usual; the proceedings 
of the Sixth International Conference have already appeared 
(1091 pages; B38). The proceedings of the Annual Conferences 
on Mass Spectrometry and Allied Topics held in the United 
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States, the 22nd of which was held in Philadelphia, Pa., in 
1974, and the 23rd in Houston, Texas, in 1975, are only pro- 
duced for delegates and members of the American Society for 
Mass Spectrometry and are not available commercially. Na- 
tional mass spectrometry meetings are held annually in the 
United Kingdom, West Germany, and Japan. The annual 
international symposia on biochemical and medical mass 
spectrometry were held in Milan in 1974 and Sardinia in 1975; 
the proceedings of the 1973 meeting, also in Milan, has now 
appeared (B10). The proceedings of the 1973 Rueil-Malma- 
ison International Meeting on Organic Geochemistry-in the 
“Advances in Organic Geochemistry” series (B33)-contains 
a variety of papers on applications utilizing mass spectrome- 
try; the 1975 meeting was held in September in Madrid and 
the proceedings will appear (AB87). The proceedings of the 
Mexico City Symposium on the Identification and Anal sis 
of Organic Pollutants in Water contains the status of G C h S  
applications to trace organic composition of drinking, natural, 
and waste waters (B17) .  The proceedings a t  the 1974 NATO 
Advanced Study Institute on Ion Molecule Interactions held 
in Biarritz, France, has been published, and the volume con- 
tains articles by many of the world’s leading figures in this 
field (B2). 

The volumes on mass spectrometry in the “International 
Review of Science Physical Chemistry” (previously MTP) 
series (B18) and the “Specialist Periodical Reports” series 
(B16) are necessary reading. The Maccoll Volume contains 
chapters on ion lifetimes (Derrick), physical inorganic aspects 
(Flesch and Svec), negative ions of organic, organometallic, 
and coordination compounds (Bowie and Williams), heavy- 
atom isotope effects (Shiner and Buddenbaum), ion kinetic 
energy spectroscopy (Beynon and Cooks), isotopic labeling 
for elucidating fragmentation mechanisms (Holmes), and 
quadrupole mass spectrometry (Todd and Lawson). The 
“Specialist Periodical Report” contains chapters on theory 
and energies (McMaster), structure and mechanism (Bentley), 
alternative methods of ionization (Wilson), computers 
(Mellon), organometallic and inorganic compounds 
(Spaulding), natural products (Games), reactions of positive 
and negative ions (Bowie), gas chromatography/mass spec- 
trometry (Brooks and Middleditch), drug metabolism (Mil- 
lard), and protein and carbohydrate sequence analysis (Morris 
and Dell). The first two chapters in the latter volume are 
fundamental and stimulating; however, both are misleading 
in parts (for example, on metastable studies and field ion- 
ization kinetics). In view of the general high quality and level 
of expertise assembled through what is now three volumes in 
this series, it is extremely unfortunate that these reports are 
not readily available to nonmembers of The Chemical Society, 
particularly in the United States. 

Watson has written an introductory monograph oriented 
heavily toward biomedicine (B37). Using novel pedagogic 
format, it contains two chapters: one on qualitative applica- 
tions, the other on quantitative applications, and 17 detailed 
appendices. The author states that the fundamentals can be 
read in a couple of hours. 

Vollmin has written an introduction to biochemical mass 
spectrometry (B35), and the biomedical applications of se- 
lected ion monitoring have been exhaustively reviewed (B9; 
135 references). The review volume on porphyrins and me- 
talloporphyrins contains a chapter on mass spectrometry 
(B30). A recent review (396 references) of environmental 
applications of mass spectrometry is recommended particu- 
larly for its coverage of the compounds identified by this 
technique (Bl  ), Chapman has prepared a book on computers 
in mass spectrometry ( B 5 ) ,  and chapters on computer tech- 
niques for mass spectral library searching and cluster analysis 
(B12) and interpretation of mass spectra (B29) are available. 

One of the volumes in the “Methods of Experimental 
Physics” series contains a chapter on mass spectrometry 
(B23), and there is a chapter on mechanistic aspects of mass 
spectrometry in Volume 1 of the “Isotopes in Organic 
Chemistry” series (BI4). An overview of ion probe mass 
spectrometry has been presented (B8), and a book on methods 
of surface analysis contains chapters on secondary ion and 
field ion mass spectrometry (B6).  A critical review of alloy 
thermodynamics by mass spectrometry has been published 
(B28) as well as one on the use of HRMS in the study of me- 
tallic systems (B25). 

Two chapters by Green (181 references; B l l )  and Man- 

delbaum (B19) are in press on stereochemical aspects of mass 
spectrometry. Hesse has compiled the literature on indole 
alkaloids (B13), and “Progress in the Mass Spectrometry of 
Heterocyclic Compounds” has appeared (134 references; B26), 
covering azoles, pyridine-carboxylic acids, polyazaindenes, 
7- and 8-membered heterocyclic rings, chromene derivatives, 
and heterocyclic rings containing Group IV and V elements 
as hetero atoms. 

Additional reviews of specific areas covered in the following 
sections include: modulated beam mass spectrometry (C24); 
modern ionization techniques (P40); G C N S  in pharmacology 
and toxicology (D19); computer-aided interpretation of mass 
spectra ( E 5 ) ;  pattern recognition and learning machine ap- 
proaches to interpretation (E21 ); mass spectrometry and 
computers (E7); E1 decomposition processes of bifunctional 
molecules ( F 5 ) ;  ring contraction processes (F6);  the McLaf- 
ferty rearrangement (F28); field ion kinetics (G2, G3); in- 
terpretation of appearance potentials (H3); unimolecular 
reactions ( K 7 ) ;  molecular orbital calculations (L30) of car- 
bocations (L16); mass spectrometry of negative ions (M7, M8, 
M16); field ionization MS (N33); field desorption MS of or- 
ganic compounds (Nll, N12, N43, N44); chemical ionization 
MS (P30, P37, P40, P48, P51); flowing afterglow techniques 
(T2, T19); MS and nucleic acid chemistry (V7); structure 
analysis of natural carbohydrates (W14); G U M S  of large 
polar lipids (X37); MS of prostaglandins (Y2); quantitative 
MS analysis of prostaglandins (Y10); mass spectra of bio- 
chemical compounds (283); MS and clinical chemistry (218, 
230,244); clinical applications of GC/MS (229); mass spec- 
trometry of blood and respiration gases (243); MS in pesticide 
chemistry (AB52); GC/MS with E1 and CI in the study of 
environmental health problems (AB88); sample handling and 
introduction techniques for GC/MS analyses (AB20). 

INNOVATIVE TECHNIQUES AND 
INSTRUMENTATION 

Mass spectrometry has never been a field driven by com- 
mercially available instrumentation. Its lifeblood is created 
through the intimate interaction of the physical, instrumental, 
and computer scientists, with the organic and life scientists 
faced with the problems of probing and understanding the 
nature of living systems. As one forum for this expression and 
cross-fertilization, it is of interest “. , . to note that 23 years 
after the first mass spectrometry conference in Europe (held 
in Manchester in 1950) a t  least 26 of the 126 contributed pa- 
pers were devoted to new instruments and techniques” (C55). 

Meetings of the American Society for Mass Spectrometry 
(see section on scope of the review) have always emphasized 
the lure of new techniques and instruments and foreseen 
major thrusts into new fruitful applications. As these pi- 
oneering accounts become refined, they reach the scientific 
audience through publications in the original literature (see 
section on scope of the review). But a critical assessment of 
this aspect has not found its way, for example, into the 
“Specialist Periodical Reports” (B16). 

Recently, in connection with the availability of a new 
modulated beam mass spectrometer, the basic features of this 
technique as well as its conjunctive use with phase spec- 
trometry have been reviewed (C24) .  Such a combination of 
techniques can distinguish a radical from an excited molecule 
containing the radical. In addition, alternate means of de- 
tecting excited species are described, including ionization 
below the threshold of the ground state excitation, dissociative 
attachment to form negative ions, and associative ionization. 
Using phase spectrometry, it was shown that (for reasons 
unknown) when SFG was examined under high temperature 
conditions with a view toward determining the equilibrium 
constants for dissociation, it was not simply coming into dis- 
sociative thermal equilibrium with the furnace walls. This has 
raised the question of how fully equilibrated the Knudsen cell 
sources are in molecular beam type experiments which have 
provided much of the tabulated thermodynamic data. Studies 
of gas-phase oxygen radiolysis flow systems using modulated 
molecular beam mass spectrometry have led to a modification 
of the chemical model and the excited vibrational state of 0 2 *  
is postulated as a precursor to ozone (C38). 

Improvements in quadrupole instrumentation developed 
for the study of neutrals have led to higher sensitivity, the 
ability to obtain the mass spectrum of neutral fragments, and 
determination of the appearance potentials and vertical ion- 
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ization potentials of neutral fragments (C57) .  
Fite’s application of phase-angle spectrometry, in con- 

junction with other techniques, has made possible the study 
of low temperature combustion of acetaldehyde at sensitivities 
several orders of magnitude higher than previously (C68). 
Hence, the transient species methylhydroperoxide was ob- 
served in the flame profile. Additional studies of the acetal- 
dehyde flame adding the fire-retardant CF3Br showed the 
presence of CHSBr, Biz, and HOBr. These methods should 
prove useful for the analysis of many dynamic systems, such 
as lasers, plasmas, flames, and atmospheric contaminants 
(037) .  Pyrotechnic flames have been investigated by molec- 
ular beam time-of-flight mass spectrometry a t  atmospheric 
pressure (C8). Experiments on the HCN-laser plasma with 
a quadrupole have shown that molecular hydrogen is required 
as a collision partner for the 337-pm emission of the HCN laser 
(C60). The use of cylindrical Langmuir probes as a diagnostic 
technique for investigating drifting plasmas containing neg- 
ative ions, such as ( 0 2 ) - ,  (N02)-, in the lower ionospheric 
region has been discussed. A plenary lecture on the techniques 
of mass spectrometric monitoring of ions in plasma empha- 
sizes the theory of ion extraction through an orifice, the 
characteristics of biased monitoring orifices, ion optical ef- 
fects, and design and performance requirements of the mon- 
itoring systems (C31). 

Studies have been carried out on the adsorption of CO, CO2 
and 0 2  in a closed system (C35). An equilibrium sorption 
study on ethanol, water, and polyurethane has evaluated the 
clustering functions in the polymer matrix (C34). Multi- 
channel scaling up to 10 MHz was used to measure rare gas 
isotopic compositions at partial pressures below Torr 
(C49). The realization that sodium and potassium, the sixth 
and seventh most abundant elements on Earth, are common 
impurities in almost everything (including dusts and smokes 
of virtually all kinds) and that  these atoms are efficiently 
detected by surface ionization has been used to study airborne 
and other particulates and their size distributions (C50, C 5 I ) .  
Such particulates strike a hot metal surface, melt, decompose, 
or pyrolyze and transfer their alkali impurities and surface 
ionize, yielding a burst of ions to be measured. In an attempt 
to introduce thermally unstable, low vapor pressure sub- 
stances into a mass spectrometer ion source, atomization of 
a solution of such a substance is carried out resulting in aerosol 
formation. This aerosol is allowed to impinge on a plate di- 
rectly above the electron beam of the ion source. Using EI/MS 
of these aerosols, dicarboxylic and higher acids, sugars and 
amino acids, ascorbic acid, and arginine were found to yield 
molecular ions ((229). 

A technique, wholly new in concept, has been reported for 
the study of nonvolatile polar and thermally labile molecules 
(C63). The technique employs a z52Cf fission source, the ra- 
diation from which strikes a 1-pm-thick nickel foil upon which 
a solid film of the sample has been deposited. The film is de- 
posited on the far side of the foil from the source. The impact 
of the radiation upon the foil produces a thermal spike which 
vaporizes mobile impurity ions, which in turn ionize the 
sample. Mass measurement is by time-of-flight mass spec- 
trometry using the radiation from the 252Cf as time-zero. 
Typically the mass spectrum is dominated by an intense peak 
in the molecular mass region. Arginine and cystine have been 
studied (0.53) and two tripeptides, Gly-Leu-Ala and Ala- 
Leu-Gly (C40). The tripeptides include the attachment of up 
to three sodium ions in the spectra. The spectra of neurotoxins 
such as tetratotoxin and atelopidtoxin have been reported 
(C42)  The technique is a possible competitor for FDMS; 
however, it is difficult to evaluate from the limited information 
presently available. One factor to be considered is the po- 
tential danger in handling this radioactive material. Tech- 
niques for the storage of ions for up to 3.5 ms in quadrupole 
ion traps have been used to study chemical ionization pro- 
cesses (C6, C15-Cl7, C48). A rapid heating technique for 
substances on Teflon has been of advantage in peptide anal- 
ysis (U2, U3). 

Some interest has arisen in use of the matrix isolation 
technique to preserve ionic species for subsequent analysis 
by a GC/MS (C13) .  Comisarow and Marshall have explored 
the development of Fourier transform ion cyclotron resonance 
spectroscopic techniques. Mass spectra can be produced l o 4  
times faster than conventional ICR instruments or 100 times 
more sensitive, and operated at  10 000 resolution to produce 

automatically calibrated mass spectra. I t  appears that the high 
resolution capability observed at  mle 28 falls off dramatically 
with increase in mass (C12, and references therein). 

A high resolution electron spectrometer has been attached 
to a scanning transmission electron microscope in order to 
determine the focusing properties of a spectrometer of this 
general kind in the energy range of interest in biological ap- 
plications (C37) .  Ion implantation is becoming a major 
technique for the preparation of semiconductors and for 
purposes of understanding radiation damage of minerals and 
crystals (C14, C I S ) ,  even for study of solar wind implantation 
into crystals on the surface of the moon (C5). Ionic analyzers 
and ion microprobes have been utilized to measure the depth 
profiles of particular species (C4).  Ion microprobe analysis 
of the implantation depth profile has been reported with a 
resolution of 20 8, (C43). The value of high resolution mass 
analysis and concomitant exact mass measurement techniques 
has been illustrated in the characterization of secondary ion 
mass spectra from complex materials such as minerals, glasses, 
and ceramics (C2). Radiofrequency discharges in argon have 
been used to sputter and ionize solid samples for analysis of 
metals and substances deposited from solution (C19) .  This 
technique may be useful for studying the concentrations of 
minor elements in bulk metal samples. 

Exploratory work using ruby-laser microprobe mass anal- 
ysis of organic materials of interest in the cellular and sub- 
cellular transport of metal ions has been described (C32). 
Pyrolysis mass spectrometry of complex biological substances 
has been given some impetus using a carbon dioxide laser 
where higher reproducibility has been demonstrated even for 
bio-polymers, whole cells, and bacterial cultures (C47). 
Ruby-laser pyrolysis and GC/MS analysis of polymers has 
been used to assess the degree of deterioration of weathering 
of fiber glass-epoxy resin type com osite systems (C46). 
Comparison of the laser-pyrolysis, GCTMS analysis of neutral 
lipids in both inert and oxidizing atmospheres has been pre- 
sented (C45). Choline and acetylcholine in tissue samples have 
been analyzed by pyrolysis GC and GC/MS (C62) .  Pyrolysis 
GC/MS has been used to study the course of thermolytic re- 
actions involving eliminations and ring closures, using the 
formation of isoindoles and benzofurazanes. Direct insertion 
of lyophilized gram negative bacteria into the ion source at 300 
to 350 degrees produces mass spectra shown to result from 
pyrolysis products of phospholipids and ubiquinones (CI  ). 

A detailed review containing 325 references of modern 
ionization techniques in mass spectrometry is recommended 
reading (P40). Field ionization and chemical ionization are 
emphasized. Design of a combined EI, CI, DI, and FD source 
has been detailed (C27) as well as a tandem EI/CI source 
(C33). Comparison of the FD, CI, and E1 mass spectrapf some 
steroids has appeared (C30). Peak matching has been applied 
to accurately measure the molecular masses of field desorbed 
ions for nonvolatile and thermally labile compounds, such as 
6-mercaptoguanosine and 6-amino-hexanoic acid. A list of 18 
useful FI/FD reference compounds is included (C44). A series 
of oligomers based on the -CFrCF20- unit with aromatic end 
groups has been developed which shows promise for reference 
compounds for mass determination above mass 1000 (C36). 
Applying the previously reported electrohydrodynamic ion- 
ization source, solutions of sucrose or proline were added to 
glycerol as the host fluid with sodium iodide as the electrolyte. 
The mass spectra were predominantly composed of a series 
of glycerol polymers with sodium cation or proton attached 
and peaks in the spectrum characteristic of the added com- 
pound. Molecular fragmentation was minimal in these studies 
(C61) .  

Using benzhydryl ethers as test compounds, a claim to 
improved sensitivity on an MS 902 has been made by 
employing silanized quartz probe tips (C56). Hollow fibers, 
150-200 pm 0.d. with 25-pm wall thicknesses, were evaluated 
as sampling devices for trace volatile contaminants in aqueous 
solution and in air. Silicone rubber appeared most useful be- 
cause of preferential permeability for volatile organics, pres- 
sure reduction, and enrichment of volatile organic compounds 
from aqueous solution and air (C64). Measurement errors due 
to depletion of blood gases in the vicinity of a diffusion 
membrane catheter coupled to a mass spectrometer have been 
compensated for by using an argon correction factor (C54). 
XAD-4 resin packed in borosilicate glass capillaries is pro- 
posed as a fraction collector for gas chromatography for batch 
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mass spectrometry (C65). A double collector magnetic in- 
strument for the analysis of H, D, C, N, 0, and S isotopes is 
aimed a t  the analysis of very small samples, 30 fig of carbonate 
and complete automation (C7). Ion counting and computer 
control have been incorporated into an isotope ratio mass 
spectrometer, yielding a precision of 0.5 per mil standard 
deviation and a minimum total sample size of lod7 gram car- 
bon as carbon dioxide (C59). A balloon-borne quadrupole has 
been constructed to  measure the neutral and ionized con- 
stituents of the stratosphere in the 40-km region from mass 
1 to 150 (C53). A multichannel mass spectrometer has been 
patented for analysis of breath atmospheres in submarines 
and space capsules (C41). 

A low-noise detector for micro impurity analysis with a quad 
has been developed using off-axis techniques with an elec- 
trostatic deflector plate and a channel electron multiplier 
(C52). Ion currents in the order of A can be detected. 
Microchannel electron multiplier arrays have been used in the 
focal plane of double-focusing Mattauch-Herzog ion optical 
instruments (C3, C20, C28). The channeltron with its fixed 
number of elements of finite dimensions may be the compo- 
nent limiting mass resolution in such a detection system. In 
the first paper, an ion current of 40 ions per second could be 
measured with a signalhoke ratio of 2 over a measurement 
time of less than a minute. Design curves have been presented 
for several analog and digital filters for use in filtering mass 
spectrometer data ((29). The design of an easily constructed 
sensitive molecular beam detector suitable for molecules 
which can be surface ionized ensures an ionization yield of 
100% for such molecules (‘223). Digitally controlled computer 
compatible quadrupole mass spectrometers (C21) and an 
electrostatic scanning GUMS have been described ( C l  I ) .  An 
operating mode using a rectangular wave form and the re- 
quirement of keeping timing parameters steady may be used 
for high precision applications of quadrupole mass spec- 
trometers (C58). Mass resolutions in the order of 3000 have 
been demonstrated using quadrupole mass filters (C25). The 
use of double-beam double-focusing mass spectrometry has 
been discussed for CI and FD applications. Accurate mass 
measurement of CI and FD spectra may be obtained using the 
EI-PFK beam (C66). It has been shown that metastable peaks 
can be measured under high resolution fast scanning condi- 
tions (ClO).  I t  has also been shown that simultaneous varia- 
tion of the acceleration and electric sector voltages of a Nier- 
Johnson double-focusing mass spectrometer produces a 
spectrum of daughter ions derived from a selected metastable 
parent ion. The spectrum contains peaks which are not dif- 
fuse, such that precise mass measurement is facilitated in 
peaks due to isobaric daughter ions (C39). Variation of the 
resolving power of a mass spectrometer with variation of 
pressure within the analyzer tube has been studied using rare 
gas ions (C26). The design, performance, and versatility of an 
ultrahigh resolution mass spectrometer, the AEI MS 5074, has 
been described, Operation in excess of 10000 and up to 
150 000 may be obtained. Various schemes permit metastable 
scanning using different combinations of the instrument op- 
erating parameters (C22). Using the MS 5074, scanning a t  
resolving power of 70 000 was illustrated using sulfur-con- 
taining petrochemicals. The CB vs. SH4 doublet was resolved 
up to mass 240 (C39A). 

CHROMATOGRAPHIC-MASS SPECTROMETRIC- 
ON-LINE COMPUTER TECHNIQUES 

Once again Brooks and Middleditch have prepared a 
comprehensive treatment reviewing all aspects of the new 
advances in methodology and extensive applications of 
GC/MS through June 1974 (592 references, 0 7 ) .  I t  is man- 
datory reading for its breadth of analytical applications to 
bioorganic chemistry, medicine, food chemistry, geochemistry, 
and environmental chemistry. A report on the state of the 
GC/MS art in pharmacology and toxicology, including the role 
of stable isotopes for quantitation, contains 70 references 
(DI9) .  A fruitful and rewarding level of excitement obtains 
in this field as the marriages between the differing components 
of a stand-alone system become optimized, including chro- 
matographic resolution, mass resolution, and mass spectrum 
scan cycle time. Mass spectral sensitivity and mass resolution 
with concomitant high accuracy of mass measurement per- 
mitting assignment of elemental compositions are being de- 
veloped and explored. Routine high performance and reli- 

ability are becoming established using support-coated open 
tubular (SCOT) glass capillary gas chromatographic columns 
and wall-coated open tubular (WCOT) glass capillary columns 
and require special techniques for the versatile physical cou- 
pling of such glass capillaries to the ion sources of mass spec- 
trometers. 

Three types of connection techniques are still being de- 
veloped and evaluated with respect to overall system chro- 
matographic resolution, performance, and sensitivity. These 
are the direct connection, open-split connection, and the 
separator (029) .  A suitable direct coupling using an all-glass 
interface containing a restriction was designed for an AEI 
MS-12 spectrometer. Good spectra were obtained from less 
than 10 ng per compound injected on the GC column (48-m, 
0.25-mm i.d. OV-101) and showed no deterioration in total ion 
current profile compared with flame ionization detection 
profile; however, the reconstructed total ion current profile 
was not shown. The open-split connection of a glass capillary 
column using a platinum capillary inlet line to the ion source 
permits operation of the exit of the column a t  atmospheric 
pressure and facilitates intercomparison of capillary perfor- 
mance and retention indices with a flame ionization detector 
(051)  as well as the mass spectrometer. This device permits 
operation at up to 100000 effective plates with no peak 
broadening or tailing caused by the interface (029) .  For 
CIMS, the reactant gas is added through a glass tube placed 
coaxially around the Pt capillary (221). Using the open-split 
type connection also permits dilution of chromatographic 
peaks that have too high a concentration as well as trapping 
of broad peaks, Le., toward the end of a GC run, with subse- 
quent rapid evaporation to increase the maximum concen- 
tration in the ion source. On-line hydrogenation can also be 
carried out. The main advantages of the open-split connection 
are 1) atmospheric pressure a t  the end of the column, 2) 
maintenance of chromatographic resolution, 3) versatility with 
respect to column types and flow rates, 4) rapid and safe 
changing of columns, and 5) very high reliability. 

A quadrupole mass spectrometer has been utilized inside 
of a magnetic instrument as a total ion current detector (030).  
A comparison of the signal-to-noise characteristics of WCOT, 
SCOT, and packed columns has been presented and a case 
made for the use of the double-stage Becker-Ryhage separator 
to maintain ion source focusing characteristics with a standard 
vacuum system and increase overall GUMS sensitivity. Less 
than 25-ms exposure time to the stainless steel double jet is 
suggested as a reason for the chemical inertness of this sepa- 
rator-type GC/MS system ( 0 1  7 ) .  Using glass micropack 
columns, very polar compounds have been run on a directly 
coupled GC/MS arrangement with no loss in chromatographic 
resolution (08). Chromatograms of aliphatic alcohols, low 
boiling free acids, and low boiling free amines were presented 
as examples. A flexible sample transfer line from any gas 
chromatographic FID tip to a quadrupole mass spectrometer 
has been described (022).  Using an effluent splitter with delay 
line and effluent recombination such that the delay corre- 
sponds to the peak width a t  half height yields square top GC 
peaks. This peak squaring technique may have advantages in 
recording mass spectra from chromatographic columns (061).  

An all-glass remotely controlled high temperature valve for 
venting in a GC/MS interface has been described (039).  Also, 
a diverter valve for GUMS has been described which permits 
venting of the solvent front or undesirable peaks in the chro- 
matogram (063) .  A fast scanning GC/MS magnetic sector 
instrument has been described employing capillary columns 
and scan speeds of 0.7 s for the mass range 5 to 500 with a cycle 
time of 1.4 s (026).  The value of high resolution glass capillary 
column mass chromatography in combination with combined 
E1 and CI quadrupole mass spectrometry has been demon- 
strated with 1-s scan times. Polynuclear aromatics, a sample 
of oil, and a mixture of sterol methyl ethers were employed to 
show the relative advantages of the CI and E1 modes of its 
operation (021 ). Exchange of labile hydrogens for deuterium 
has been demonstrated for capillary GC CIMS (055). 

While GC/low resolution mass spectrometry (LRMS) is 
commonplace and high resolution GC/LRMS is developing 
rapidly, the optimization of chromatographic resolution and 
mass resolution with concomitant formidable data manage- 
ment problems including the acquisition and processing of 
accurate mass and elemental composition information has 
only begun. A review of the development of packed column 
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GC with high resolution mass spectrometry (HRMS) has been 
presented in connection with the development of routine 
packed column GC/real-time HRMS (035) .  A 10-foot, 
inch i.d. stainless steel packed column coated with Dexsil and 
connected via a single-stage stainless steel jet separator to an 
AEI MS-902 was used on-line to a preliminary version of the 
LOGOS 11-Sigma 7 real-time computer system; an evaluation 
of mass measurement accuracy was carried out using scan rate 
of 8 s per decade and a dynamic resolution of 10 000 (036) .  
The scan cycle time was 23 s from mass 800 to mass 20. Digi- 
tization rates of 50 and 100 kHz were compared with respect 
to  mass measurement accuracy and showed 98% of the mass 
measurements within 10 ppm and 75% within 4 ppm. The 
recording of continuous high resolution mass spectra 
throughout a GC/HRMS analysis of permethylated pooled 
normal urine yielded the first examples of the usefulness of 
the new technique, elemental composition chromatography 
(accurate mass chromatography). 

The use of gas chromatography with high resolution mass 
spectrography of Erythrina alkaloids was discussed using 
resolution of 20 000 and photoplate recording using Ionomet 
photoplates. I t  was stated that this technique can give accu- 
rate mass measurements for components in the order of 50 ng 
on 30 to 40 peaks in the mass range 100 to 500 (025) .  Further 
work with the AEI MS-3074 double-beam, double-focusing 
mass spectrometer has demonstrated 1 s per decade scans with 
the production of accurate mass measurements of EI, CI, and 
FD spectra ( 0 3 ) .  Using PFK as an internal standard and 
resolution sufficient to resolve certain organics at m/Am 3000, 
certain exact masses have been obtained for compounds up 
to molecular weight 215 with 3 s per decade scan times using 
a Varian MAT 311a mass spectrometer and a glass capillary 
(054) .  The dynamic ranges reported vary from 18 to 48 in the 
mass calculations presented; in general, peaks below mass 70 
were not reported. Burlingame and co-workers have further 
developed real-time HRGC/HRMS to permit operation with 
glass SCOT capillary columns for the analysis of complex 
mixtures of organic substances (037).  The scan cycle time has 
been dramatically decreased to 9.6 s covering the mass range 
800 to 60. Experiments were carried out to evaluate mass 
measurement accuracy using the 9.6-s cycle time a t  10 000 
resolution operating with the SCOT capillary column inlet. 
Fifteen selected nitrogen-containing ions covering the mass 
range 114 to 614 were utilized to evaluate the mass measure- 
ment accuracy. One hundred percent of the mass measure- 
ments were less than 17.5 ppm and 96% were within 10 ppm. 
The dynamic range was greater than 130 to 1. Using the SCOT 
column, methyl stearate eluted in about 20 s and, hence, ap- 
proximately two high resolution mass spectra were obtained 
per peak elution profile. The operational version of LOGOS 11 
permits the recording and real-time display of any number 
of high resolution mass spectra. Typically, 300 to 400 high 
resolution mass spectra are obtained from an open tubular 
capillary column run. Using this technique, the analytical 
advantages and specificity of elemental composition chro- 
matography (ECC) have been demonstrated for the studies 
of composition of physiological fluids, as well as municipal and 
industrial wastewaters (AB18, AB19). 

A recent editorial concerning present problems confronting 
analytical chemists faced with the analysis of complex mix- 
tures containing hundreds of components, such as physio- 
logical fluid analysis and environmental samples, correctly 
realized that current instrumental techniques can be devel- 
oped and employed to either characterize hundreds of com- 
ponents in a mixture or very specific components in mixtures 
containing thousands of components (040) .  However, it is 
premature to have drawn the conclusion that HRMS tech- 
niques are being misused when applied to such difficult 
problems facing analytical chemistry. I t  seems ill-timed to 
make such an assessment when development of HRGC, 
HRMS, and computer management of these spectra is pro- 
ceeding a t  such an exciting pace. Decafluorotriphenylphos- 
phene has been proposed as a reference compound to evaluate 
GC/MS systems including their on-line data systems (014) .  
It, like many other compounds, is of reasonably low molecular 
weight. It would seem that something of twice that molecular 
weight, -800-1000, might be more appropriate. 

Selected ion monitoring (SIM), initially called mass frag- 
mentography, also goes under the guise of multiple ion de- 
tection, selective ion detection, ion specific detection, multiple 

ion monitoring, multiple mass monitoring, multiple ion 
analysis, tuned ion analysis, selected ion peak recording, and 
others (018) .  The earlier authoritative review of SIM in 
neurobiology is recommended reading since it also contains 
an exhaustive bibliography up to 1973 (011) .  The bibliogra- 
phy has now been supplemented to cover the literature to the 
beginning of 1975 (052) .  An exhaustive review of the bio- 
medical applications of SIM has just appeared (018) .  Dis- 
cussion includes magnetic sector instruments, quadrupoles, 
time-of-flight, modes of operation of the instruments, in- 
strument operational parameters, computers, and quantita- 
tive SIM. The final section is on applications of SIM to a host 
of biomedical problems. Computerization of this technique 
for the LKB 9000 GC/MS using a minicomputer and adjust- 
ment of the accelerating voltage for a maximum of 8 masses 
within 30% mass range has been described in some detail 
(024) .  A similar description has appeared for applications 
using a quadrupole mass spectrometer (020) .  An instru- 
mental development extending the range of applicability of 
this technique for several components in a GC run has em- 
ployed both the computer control of the accelerating voltage 
and the magnetic field. The maximum time required for a 
magnetic field change is 8 s, whereas of course the accelerating 
voltage changes can be carried out in milliseconds (064) .  The 
fundamental limitations in the precision of this method of 
measurement of isotope ratios from GC/MS have been dis- 
cussed in terms of the number of measurement cycles and the 
effects of the pattern of observation used in the Gaussian- 
shaped GC peaks (043) .  

A comparison of integrative recording techniques for SIM 
has been carried out (042).  A computer-controlled contin- 
uously rescanning subset data acquisition technique was ap- 
plied to the analysis of polychlorinated biphenyls from envi- 
ronmental samples (015) .  A stable isotope ratiometer, SIM 
unit has been designed and constructed which can drive a GC 
quadrupole or magnetic sector instrument to  monitor up to 
six ions in turn (038) .  This has been illustrated by analysis 
of mono-, di-, and tri-hydroxy bile acids. A comparison has 
been made of the unlabeled and labeled internal standards 
for quantification of methylated alobarbitone using a GC quad 
(042) .  A focus and threshold monitor has been described 
(053) .  An interface for a quadrupole to a laboratory mini- 
computer for automated SIM has been described (059) .  

Liquid chromatography (LC) continues to develop rapidly, 
especially for the separation of compounds that are higher 
molecular weight, and thermally and chemically labile. Hence, 
the interest in utilization of mass principles for detection of 
liquid chromatographic effluents continues. The problem, of 
course, is the interface. A silicone rubber membrane molecular 
separator has been employed which permits the transport of 
nonpolar molecules for mass spectrometric characterization 
(033) .  A second interface type consists of differentially 
pumped chambers and a wire train which continuously takes 
samples from the LC effluent, evaporates the solvent and 
vaporizes the solute in the ionizing chamber of the mass 
spectrometer (058) .  The third takes 1% of the LC effluent for 
introduction directly into the ion source of the CI mass spec- 
trometer. In this case, the solvent acts as the ionizing reagent 
a t  relatively high source pressures. McLafferty and co-workers 
have explored this technique to some considerable extent and 
are looking toward promising applications in the character- 
ization of small oligopeptides ( 0 2 ,  0 2 , 0 4 5 ,  0 4 6 ) .  

The availability of minicomputers with suitable disc-ori- 
ented operating systems, graphic display units, and electro- 
static printer lotter units as well as the continually increasing 
performancef)cost ratios are in the process of completely re- 
volutionizing and facilitating the techniques of mass spec- 
trometry. This is particularly true for GC/MS where the 
continuous repetitive scanning of mass spectra can be re- 
corded, manipulated, monitored, and interrogated in essen- 
tially real-time. More and more, highly detailed information 
is obtained on the composition of extremely complex mixtures 
of organic substances as the resolution of gas chromatography 
advances with the advent and application of open tubular 
glass capillaries. 

Computerized data acquisition, processing, and manage- 
ment of mass spectra have become a crucial and extensive field 
which is in the early stages of exploratory networking. An 
excellent updated review by Mellon of computerized data 
acquisition and interpretation has already appeared (048) .  
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A monograph by Chapman is in press ( B 5 ) .  Hence, only the 
salient developments will be mentioned here. 

Utilization of a microcomputer as a high speed oscillograph 
for GC/MS illustrates its use as a buffer memory (023). Mi- 
croprocessors will certainly once again dramatically enhance 
the performance/cost ratio for the management of mass 
spectrometer functions via computer techniques. A mass 
marker technique has been described for mass calibration in 
a data system based on a PDP-11/20 computer (027). Several 
more sophisticated on-line computer hardware and software 
systems have been adapted for generalized utilization of on- 
line mass spectrometers under low and high resolution oper- 
ations as well as GC repetitive scanning conditions. One sys- 
tem is a Ferrante Argus 500,24-bit computer with 16K core 
(062);  another is a PDP-10,36-bit computer with 96K core 
(028); the third is a Xerox Sigma 7 with 32-bit, 96K core (09, 
047).  While the goals and laboratory MS applications for 
these three types of on-line computer systems differ, they 
represent important advanced models for the future devel- 
opment of computer management of mass spectral data both 
in the on-line real-time “paperless interrogation” mode as well 
as the spectral archiving, file management, and networking 
modes. 

A general method for molecular ion prediction using either 
low resolution mass spectral data or elemental compositions 
from accurate mass measurements has been presented (013). 
Various uses of repetitively computer-acquired mass spectra 
have been discussed (031). A specialized algorithm for the 
combination of mass chromatograms has been used for the 
detection of chlorinated derivatives of polycyclic aromatic 
hydrocarbons (020). Principal component analysis or factor 
analysis is actively being explored as a means of establishing 
the multiplicit of components in a single chromatographic 
peak from C C h S  data (012). A more detailed discussion of 
data selection, and transformation, and factor compression 
and transformation has been presented in this connection 
(057) using 22 isomers of alkyl benzenes with the formula 
C I O H ~ ~  as examples (see also E26). Attempts have been made 
to relate functional group to mass positions using this tech- 
nique (034). 

The correlation of simultaneously maximizing coeluting 
masses in repetitively scanned GC/MS data has led to a de- 
scription of so-called reconstructed mass spectra (06) which 
has proved to be an important clean-up step prior to the use 
of any file searching technique for computer identification of 
a high quality unknown spectrum. The inclusion of gas chro- 
matographic retention indices in GC/MS data sets has been 
described for applications to biological mixtures by both 
Biemann’s and Sweeley’s groups (050, 060). Data and coding 
techniques and procedures for component identification by 
reference to precoded data files have been described in con- 
nection with analysis of volatile components of foods (049). 
Computer evaluation of GC/MS analyses has been applied to 
characterization of unlabeled and polydeuterium labeled 
compounds containing between 0 and 19 deuterium atoms 
(04). The use of a computer-searchable collection of 300 mass 
spectra of drugs, metabolites, and normal body fluid con- 
stituents as well as contaminants has been described and its 
results from two years’ use on some 600 patients presented 
(AA22 ). Speed, component, or mixture identification and 
specificity are key virtues of this approach. 

A method has been described for extracting the chemical 
information from empirical formulas derived from accurate 
mass measurement by checking the self-consistency of the 
isotopic clusters (032). A subroutine has been written to 
calculate elemental compositions from low resolution isotopic 
clusters. Of course, the ion-molecule reaction problem a t  
higher source pressures and with polar materials will limit the 
usefulness of this technique as it has in the past (016). Three 
complementary methods to determine accurate fractional 
abundances of isotopes from mass spectral data have been 
described (056). FORTRAN IV programs capable of calculating 
all the possible mass values for up to six specific masses are 
available (05, 044) .  

MASS SPECTRAL MANAGEMENT AND 
INTERPRETATION TECHNIQUES 

Mellon has brought the literature up to date as of June 1974, 
including library searching, heuristic and pattern recognition 
techniques for the interpretation of mass spectra (048). The 

new “Registry of Mass Spectral Data” contains mass spectra 
of 18 806 different compounds (B31). The empirical occur- 
rences of mass and abundance values in known recorded mass 
spectra have been characterized to  mass 400 and have been 
used as the basis of attaching probability of occurrence as a 
function of mass window in McLafferty’s probability based 
matching approach (E30A) (see below). Significant devel- 
opments of mass spectral search systems are under way and 
will be particularly useful for routine identification of com- 
ponents whose spectra are in the files, providing that the un- 
known spectra are of sufficiently clean quality to  ensure a 
highly probable matching factor. Techniques based on various 
criteria of selection of the peaks in a mass spectrum still 
continue to appear, such as using only the six most intense 
peaks of each library entry (E35). Compression techniques 
for data files have been discussed to reduce the required 
storage and speed the search of a library (E33). Grotch con- 
tinues to develop his software incorporating an algorithm used 
to measure the “goodness of fit” in binary encoded mass 
spectra (E15, E15A).  A combination of ion series techniques 
proposed previously by Smith, Gray, and Morrison, and “the 
profile of an unknown mass spectrum” have been described 
by Gray (E20). Other suggestions as to the computer classi- 
fication of spectra with regard to their membership in groups 
of compounds have been articulated (E9). Identification of 
5- and 6-membered naphthenes in mixtures has been de- 
scribed (E3). The literature is growing on McLafferty’s self- 
training, interpretative, and retrieval system for mass spectra 
(STIRS) (E30, E37), including his probability-based 
matching (PBM) of mass spectra (E29, E31). The capability 
of STIRS has been extended to permit the compound selected 
as providing the best match to the unknown mass spectrum 
to be examined by the computer for the presence of each of 
179 common substructural fragments (E6). The matching and 
interpretative aspects of these systems are now available over 
an international computer network from Cornel1 University 
through TYMNET (E28). The main problem with commercial 
and university computer centers and networking presently 
is the high cost per search or match or interpretation which 
is in the order of $2.00-10.00. The availability of the file 
spectra of most closely “fitting” candidates is a continuing 
frustration. These factors virtually preclude the routine use- 
fulness in the sense of file search identification of continuously 
recorded mass spectra from gas chromatographic effluents 
from high resolution capillary columns. Reverse searching has 
been shown to be superior for identification of file components 
present in the mass spectrum of a mixture (E2). Another ex- 
perimental international conversational mass spectral search 
system has been described (BIZ, EI7-EZ9). Clerc and Erni 
have written a review on the identification of organic com- 
pounds by computer-aided interpretation of spectra, including 
algorithmic methods and comparison methods ( E 5 ) .  Pro- 
grams for generating empirical spectrum classification 
schemes have been described (E21, E131 and utilized in 
screening GC/MS data on a laboratory computer (E22, E24). 
A program was developed for the interpretation of mass 
spectra of heterocyclic selenium and germanium compounds 
(E23). A plenary lecture on information theory in mass 
spectrometry emphasizes that the applications to date have 
been few and usually consist of well-behaved mixtures of 
known compounds (E20). Digital learning networks have been 
suggested as a solution to the automatic routine identification 
of mass spectral data according to the functional groups of the 
molecule present (E36). I t  is an embodiment of the n-tuple 
method of pattern recognition. A review of the pattern rec- 
ognition and learning machine approaches to interpretation 
of mass spectra has appeared (E21). Another review of mass 
spectra and computers has appeared by Delfino and Buchs 
(E7). I t  has reviewed the learning machine, deduction pro- 
gramming, heuristic programming approaches. The applica- 
tion of learning machine techniques to the interpretation of 
mass spectra of monofunctional substances has been described 
(E22). A program using adaptive binary pattern classifiers has 
been developed to generate chemical structures from low 
resolution mass spectra (E l ,  E39). A method for the devel- 
opment of near-optimum linear discriminant functions for 
nonseparable analysis of mass spectra has been described 
(E32). These techniques have been used to interpret spectra 
of alkylthiol esters (E16) and n-acetylhexosamines (E38). A 
simplified learning machine has been used for the preliminary 
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classification of mass spectral patterns (E25). Performance 
of different methods of computer matching of mass spectra 
has been examined using a library of terpene mass spectra 
(E27) .  This has also been used for the identification of al- 
kylbenzenes (E26). Further work on the applications of ar- 
tificial intelligence for chemical inference in mass spectrom- 
etry has appeared (E8). An algorithm for finding complete sets 
of nonequivalent labelings of a symmetric object (E24) has 
been achieved. Such a technique has been used for the labeling 
of the polychlorobiphenyl hydrocarbons (E34), and a program 
called CONGEN provides the capability for ensuring that no 
plausible alternative structures have been overlooked in as- 
sessing the interpretation of a mass spectrum in terms of its 
fragmentation pattern (E4). 

TECHNIQUES IN ION CHEMISTRY 
We build on the foundation laid in the previous review (B4), 

where most sections were prefaced by a few sentences of basic 
explanation about the technique. Ion-molecule reactions are 
again classified according to technique, although distinctions 
are sometimes rather fine. 

Electron Impact (EI) and Organic Mass Spectrometry. 
Interpretation of electron impact (EI) mass spectra requires 
elucidation of the nature of gas-phase (radical-)ion processes 
and, particularly, their dependence on internal energy and 
molecular structure and stereochemistry. This knowledge is 
derived from specific labeling with stable isotopes (B14, F12, 
F27, F33), accurate mass measurements (F3), metastable 
measurements (F35) (see separate section on “metastables”) 
and perhaps E1 at  low electron energies (<12 eV), and is for- 
mulated as mechanisms, the shorthand of chemical reactivity. 
The number of papers falling within this category is extremely 
high, so we select salient high-quality work for our coverage. 
There has been a review of decomposition processes of bi- 
functional molecules (F5), and a brief review of ring con- 
traction (F6). The McLafferty rearrangement has been re- 
viewed (F28). 

One of the most active groups in these areas has been that 
of Nibbering et al. (F10, F21, F45, F54, F57), and we note in 
particular their studies of skeletal rearrangement of cyclo- 
heptatriene (F56) and sequential hydrogen shifts in the 
methyl ester of y-nitrobutyric acid (3’40). Together with 
Cooks, they have unearthed an example of two reaction 
channels leading from the same reactant (CH3CHO- 
CH20CH3)+ to the same products (CH3COCHCH3)+ and 
HCHO (F46). Djerassi et al. (F4, F13, F24, F52) continue to 
report steroid (lanostane, methylcholestane) studies of high 
quality (F41). Meyerson and Karabatsos (F38) have con- 
cluded that the loss of HCN from ionized propionitrile in- 
volves a 1,l-elimination, whereas H loss involves C-3 (see also 
F39). Pursuing their interests in concerted eliminations, 
Mandelbaum et  al. (F59) have shown that certain trans- 
1,2-disubstituted cyclobut-3-enes decompose to a greater 
extent than their cis isomers. There has been a deluge of pa- 
pers from Schwarz et d. (for example, F29, F47,027), and the 
Norwegian series on onium compounds still seems vigorous 
a t  Par t  XXIX (F18). Rebane’s series (for example F42-44) 
on organoselenium compounds could become the definitive 
work on this subject. A notably thorough example of a tradi- 
tional E1 study is that concerning the structure and ion de- 
composition of mevalonolactone (F14). 

I t  has been proposed that, following E1 of cyclohexanol at 
70 eV, highly excited molecular ions delay for microseconds 
before fragmenting (due to the intervention of a long-lived 
acyclic isomer), although less excited molecular ions fragment 
in much shorter times (G9). 

Stereoselectivity in EI-induced decomposition has been 
reported in several excellent papers (F9, F34), and stereo- 
chemistry in mass spectrometry has been the subject of two 
reviews (B19, F15). Stereospecificity in an ion decomposition 
provides some of the strongest evidence for reactant ion 
structure (F15, G9). There has been an ingenious investigation 
of the effects of transition state geometry in the McLafferty 
rearrangement (F20). I t  has been suggested (F7) that the 
processes responsible for isotopic hydrogen randomization 
in 2-methylpropane ions occur a t  high internal energies [un- 
like hydrogen rearrangements leading to isotopic randomi- 
zation in unsaturated ions, which are favored by low energies 

(G3)]. General long range interactions in large chains have 
been treated mathematically by a flexible chain model (F61). 
De Jongh et al. (F31, F32, F50) study analogies between py- 
rolysis and mass spectrometry (see also F60), and the general 
subject of thermolytic and photolytic comparisons in mass 
spectrometry has been reviewed by Dougherty (F8). Tsuchiya 
and Adachi (F53) have reported “excess kinetic energy 
spectra” produced by adjusting the repeller potential to 
suppress all ions but those with excess kinetic energies. Since 
the excess energy ions are generally formed only by direct 
cleavages, these spectra are not complicated by rearrangement 
ions and are more readily interpreted in terms of the structure 
of the neutral. A peak at  (M + 2)+ in the E1 mass spectrum of 
polyporic acid is described as anomalous, and moves to (M + 
4)+ on introducing DzO into the source (F16). 

We can merely reference some other papers loosely classi- 
fied as being concerned with molecular radical-ion isomer- 
ization (Fl, Fll, F19, F36, F51), skeletal rearrangements 
possibly as an integral part of decomposition (F2, F25, F26), 
neighboring group participation (F22), temperature effects 
(F23), kinetic isotope effects (F37), stilbenes (F17), (C7H7)+ 
(F48, F49), loss of H X  from 2-haloethanol ions (1,2 elimina- 
tion) (F55) and imines (F30, F58). 

Field Ionization Kinetics (FIK). Field ionization kinetics 
(FIK) has been recently and comprehensively reviewed by 
Derrick (G2). From the point of view of elucidating the nature 
of gas-phase ion decomposition processes and the formulation 
of mechanistic rationale in terms of molecular structure and 
stereochemistry, perhaps the most important feature of FIK 
is that a t  the very short times (picoseconds) a t  which ion de- 
composition can be observed, the structure of a reactive mo- 
lecular ion is likely to resemble that of its neutral precursor. 
Thus, it may be possible to delineate reaction pathways of 
known ion structures (G18). This assumption is implicit in 
the interpretation of FIK measurements on specifically deu- 
terated alkenes (G4, G5), ketones (G8), and benzoic acid and 
toluene (G14). I t  is these and other measurements on isoto- 
pically labeled molecules which have led to the conclusion that 
“hydrogen randomization” in alkenes and ketones is the result 
of series of highly specific hydrogen rearrangements (ac- 
companied by skeletal rearrangements in some cases) (G3). 

The lifetimes and rates of decomposition determined by the 
technique are reproducible from laboratory to laboratory 
despite differing instrumentation and experimental tech- 
niques and differing methods of calculating the lifetimes, 
thereby engendering confidence in the accuracy of the data 
(GIO; see also G16). Varying the energy resolution under 
which FIK measurements are made has shown that the widely 
used normalization procedure is generally reliable and does 
not introduce error into the normalized rates k ( t )  (also re- 
ferred to as phenomenological or average rate constants) ( G I ) .  
There is still little detailed information concerning the erci- 
tation energy of the reactive molecular ions (N19, N24), al- 
though it has been suggested that there can be differences 
between stereoisomers in this respect (15’13) and that energy 
deposition can be affected by “conditioning” of an emitter 
(ClO) .  The kinetic data provided by FIK accord with the 
quasi-equilibrium theory inasmuch as for certain types of ion 
decompositions there are continuous distributions of lifetimes 
over 7 orders of magnitude of time and the dependences on 
time of the relative rates of parallel reactions show the qual- 
itative trends predicted by the theory (G3, G7, G15). 

Results on branched aliphatic aldehydes suggest that the 
McLafferty rearrangement proceeds through an intermediate 
and involves in some cases (at least) two distinct hydrogen 
transfer steps (G6, G17). Work on specifically deuterated 
cyclohexanols has revealed a previously unidentified 1,2 
elimination of water (G9). Results for 13C and 2H specifically 
labeled methylcyclopentane suggest the existence of (at least) 
two pathways for both the loss of methyl and the loss of 
methane, one in each case from a ring-intact ion and the 
other(s) from ring-cleaved ions (G11).  

Long ion lifetimes (10-6-10-3 s) following E1 have been 
measured using the recently constructed tandem ICR in- 
strument (Gl9). Dissociative lifetimes (-low6 s) of (CO)2+ 
have been determined in a time-of-flight instrument (G12). 

Appearance Potentials (AP’s). The most reliable meth- 
ods of determining appearance potentials (AP’s) employ 
photoionization (PI) or energy-resolued electron beams, and 
are capable of accuracies of better than 10 kJ mol-l for many 
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fragment ions and 1 kJ mol-’ for molecular ions [ionization 
potentials (IP’s)]. That the results from both methods are 
accurate, and not merely precise, is suggested by the generally 
good agreement between them. For example, electron impact 
(EI) and P I  AP’s for (C3Hb)+ from propene differ by no more 
than 6 kJ mol-’ (H5).  Where accurate E1 and P I  values do 
differ, it probably indicates the existence of internal energy 
states accessible through one but not the other ionization 
process. For example, that the P I  AP of (CHzCl)+ from CH3Cl 
was found to be an eV higher than the E1 value has been in- 
terpreted as evidence of decomposition of an ion state acces- 
sible by E1 but not by P I  (H1, H34). Accurate AP’s have been 
reported for formic and acetic acid (H19) (accuracy of h0.2 
kJ mol-l using PI for the ionization potentials), ethylene 
(H26) and a variety of small molecules (for example, H6, H8, 
H27). The angular distributions of dissociation products 
(which are anisotropic).from H2, N2, and CO have been mea- 
sured using E1 (H21). Double ionization of rare gases has been 
investigated using E1 (HI 7) .  Photoelectron spectra have been 
reported for organic radicals (methyl, tert- butyl) (H20). 

To obtain accurate AP’s using electron beams with broad 
energy distributions, it is probably necessary to deconvolute 
the ionization efficiency curves. One successful approach (H9) 
using time-averaging to improve signalhoke ratios and 
Fourier transform deconvolution can now be carried out by 
means of an interactive computer program, which is available 
on request from Morrison. The single energy-distribution- 
difference (EDD) method of refining ionization efficiency 
curves has been employed and critically discussed by Gross 
et al. (H13) and by Johnstone and McMaster (H18). Occo- 
lowitz et al. (H28) have evaluated six of the more common 
methods of fixing onsets (see also H10). Some suggested im- 
provements to the retarding-potential-difference (RPD) 
technique have been put forward (H16, H30). 

One potential pitfall to the interpretation of AP’s, a subject 
which has recently been discussed rather fully (H3),  is the 
“kinetic shift” which represents an amount of energy in excess 
of threshold necessary for the ion to react sufficiently fast to 
be detected, given the ion-optical configuration employed. A 
successful approach to minimizing kinetic shifts has been to 
determine AP’s of fragments from long-lived ions (in some 
cases s), using ion trapping in the space charge of an 
electron beam ( H l l ,  H23) or ion cyclotron resonance (H4).  
The kinetic shifts observed with, for example, benzene or 
benzonitrile are large [up to 200 kJ mol-I (2 ev)]. On the other 
hand, kinetic shifts for many other ion decompositions are 
negligible, and accurate AP’s are finding increasing use for the 
elucidation of ion structure [see for example the discussion 
by Holmes (H15) of the structures of (C4H5)+, (CsHi)+, and 
CsHs)+]. The AP of a decomposition places an upper limit on 
the heat (strictly speaking, energy) of formation of the product 
ion, which may be sufficient information to identify its 
structure or a t  least exclude some possibilities (H7, H22, H25, 
H31) . 

The trend of the AP’s for the loss of H. from cyclopentane, 
-ene, and -adiene clearly shows the antiaromaticity and con- 
sequent destabilization of the cyclopentadienyl cation (H24); 
Lossing continues to make some of the most accurate AP 
measurements on timely moieties. A point of interest from the 
E1 study of deuterated ethylenes is that the AP’s of (CH2)+ 
and (CD2)+ from CH2=CD2 are less than that of (CHD)+ 
(18.7 vs. 20 eV) (H32, H33). Values reported by two different 
groups for AP’s for loss of water from deuterated cyclohexa- 
nols disagree significantly (G9, H12).  Some interest remains 
in substituents effects on AP’s (H2, H14, H29).  

Translational Energy Release and Metastables. During 
unimolecular decomposition, a proportion of the internal 
energy of the reactant is converted to translational (kinetic) 
energy of the products and, for a metastable process, this 
amount of energy can be determined precisely using a com- 
mercial mass spectrometer. For the purposes of this review, 
we define “metastable” as ion decomposition after a lifetime 
of microseconds (give or take an order of magnitude) (see 132). 
The metastable peak shape is measured under defined ion- 
optical conditions, and this reflects the translational energy 
distribution of the product ion which can be transformed by 
mathematical procedures to the distribution of internal en- 
ergy converted to translation during decomposition (142,143; 
see also 130). The precision with which the energy released can 
be determined by this method arises because the reactant ion 

is travelling a t  high velocity (order of keV) and, hence, a small 
energy release during decomposition is seen as a broad 
translational energy distribution in the product ion (the 
characteristic broadness of metastable peaks) (142; see also 
141 on the subject of precision). 

The resurgence of interest in determining translational 
energy releases during metastable decomposition (G18, 16, 
146, 147) is due in no small part to Beynon, Cooks, and col- 
leagues, who have emphasized the significance of the mea- 
surements to understanding reaction processes and to energy 
partitioning (14, 18, 111, 123, 140). Of particular note is the 
small energy release (17-45 kJ mol-’) in the formation of 
(CsH&O)+ from a-halogenated acetophenones which is at- 
tributed to predissociation (17), and the differing energy re- 
leases of 1,2- and 1,3-eliminations of HCl from chloroalkane 
and chloroalkene ions (125). The large energy releases (several 
hundred kJ mol-’) in the decomposition of doubly-charged 
tri-atomics can be rationalized in terms of transitions which 
conserve total spin and angular momentum (19). The energy 
released in the metastable loss of H from methane has been 
found to be dependent upon temperature (of the neutral prior 
to ionization), and this may be due to centrifugal effects (ro- 
tational energy) playing a role in the decomposition (138). 
Kim and Cooks (126) have discovered that the stereoisomers 
meso- and d,l- 2,3-difluorobutane exhibit different metastable 
peak shapes for loss of HF. Another group active in these 
studies has been Holmes et al., who have been concerned with 
elucidating reaction processes and formulating mechanisms 
and ion structures from energy releases and accurate ap- 
pearance potentials. They have reported energy releases for 
(C7Hll)+ - (C5H7)+ (115), (C3H7)+ - (C.3H5)+ (118) and 
decompositions of (CsHe)+ (11 7 ) ;  three distinct structures of 
formula (CzH40)+ have been proposed on the basis of dif- 
fering metastable peak shapes (116; see also 033). Energy 
releases in metastable decomposition of substituted 2,4-aze- 
tidinediones have been reported in a study concerned with 
analogies between E1 and photochemistry (16). This latter 
paper prompts the comment that correcting metastable peak 
shapes by subtracting the main beam width generally intro- 
duces more error than it removes; similarly subtracting the 
square of the main beam width from the square of the meta- 
stable peak width and taking the square root of the result is 
not always advisable (the latter is accurate for pure gaussian 
peaks) (11, 142). Some translational energies determined for 
faster s) decompositions have been reported (129,136). 

The criterion of “metastable abundances” for competing 
reactions continues to find use in mechanistic studies, par- 
ticularly in conjunction with specific isotopic labeling (15, 110, 
112, 127, 133, 137, 139, 144, 145). For example, with the ex- 
ception of that from spiropentane, (CjHs)+ molecular ions 
from various precursors show the same relative metastable 
abundances and, hence, probably decompose over the same 
energy surfaces a t  these times (114). There has been a thor- 
ough study into the structures of (C2H50)+ ions formed var- 
iously, by dissociation of propan-2-01 and by ion-molecule 
reactions of acetaldehyde or ethylene oxide with (H30)+ (124). 
Ion kinetic energy (IKE) spectroscopy per se (i.e., with de- 
tector between electric and magnetic sectors) no longer seems 
to be an active field (134). At present, the struggle for accep- 
tance between the synonymous acronyms DAD1 and MIKES 
appears to be very much in the balance (119,135,137,14,5). 
The expert discussions of factors affecting the internal energy 
of ions formed by unimolecular ion decomposition draw 
heavily on metastable data (12,131 ). 

Deuterium isotope effects have been determined for a 
number of metastable decompositions, often with a view to 
elucidating mechanisms (120,128). The isotope effects on loss 
of H2(HD) from CD2CHD, may be too large to explain even 
by invoking quantum mechanical tunneling (113). It has been 
argued (121) that, because metastable abundances Zm* for loss 
of HS, HD, and D2 from certain partially deuterated hydro- 
carbons follow the relationship [ I ~ * ( H D ) / ~ ~ * ( E I ~ ) ] ~  = [Irn-(H2)/ 
1m*(D2)] ,  the transition states for the processes are symmet- 
rical. It has been pointed out that, given sufficient sensitivity 
and energy resolution, naturally occurring isotopes can be 
exploited for the study of isotope effects [e.g., in butane mle 
59 - m/e 42 represents (l3CC3H1o)+ - ((&He)+ + 13CH4] 
(13). 

An interesting set of papers by Williams and Hvistendahl 
seeks to associate energy released in a metastable decompo- 
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sition with the orbital symmetry characteristics of the pro- 
cesses involved in the reaction. They have suggested that the 
relatively large discrete energy releases observed for the loss 
of Hz from certain hydrocarbon ions reflect reverse activation 
energies arising from unfavorable orbital symmetries (i.e., 
processes are “forbidden” according to Woodward-Hoffman 
rules) (147,148). Similarly, large activation energies (200/300 
kJ mol-’) for 1,3-hydrogen shifts in oxonium ions are attrib- 
uted to  the processes being orbital symmetry “forbidden” 
(122). 

Photoionization (PI). The sort of precision achieved 
nowadays in photoionization (PI) is exemplified by ionization 
potentials of carbon dioxide (measured using synchrotron 
radiation) quoted a t  f0 .2  A (f0.003 eV) (522) and by mea- 
surements on oxygen at  a resolution of 0.07 A (523). 

An exciting development during the past two years has been 
the particular photoelectron/photoion (PE/PI) coincidence 
method of Baer et al. (532),  which allows rate constants and  
translational energy releases for unimolecular (metastable) 
decomposition to be determined a t  selected internal energies. 
Coincidences are measured only for photoelectrons with zero 
kinetic energy, so that the internal energy of the molecular ion 
is chosen by varying the photo energy. The metastable life- 
times of these energy-selected molecular ions, and the trans- 
lational energy released during their decomposition, are 
measured using a time-of-flight method (526). Ionization and 
appearance potentials are also obtained (J29). In the case of 
(C4Hs)’ decomposing to (C3H3)+, the lifetimes decay expo- 
nentially with time as the quasi-equilibrium theory might 

redict (532). However, for a number of other decompositions P loss of HC1 from (CzH&l)+ and (CH&lCH&l)+, loss of C1 
from (C3H&l)+, loss of Br from (C3H3Br)+], lifetimes do not 
decay exponentially, indicative perhaps of more than one 
reaction channel contributing to each decomposition (54, 
527). The technique elegantly demonstrates how the trans- 
lational energy release observed for a two-component de- 
composition changes according to the internal excitation en- 
ergy (528). Another photoelectron/photoion (PE/PI) study 
(52.5) determined rate constants (in the lo6 s-l region) for 
decomposition of benzene and benzonitrile a t  selected internal 
excitation energies; one significant conclusion is that in earlier 
charge exchange experiments by Andlauer and Ottinger on 
the same reactions, the amount of translational energy con- 
verted to internal energy of the molecular ions was underes- 
timated by a few tenths of an eV. These P I P I  measurements 
(525) support the idea that there are two groups of noncom- 
peting decompositions from ionized benzene (see also 524). 
Somewhat similar questions concerning energy deposition 
through charge exchange have been raised by a zero kinetic 
energy PE/PI coincidence study of CzH4 and C2Dl (J24).  
P E P 1  measurements (523) on hexafluoroethane suggest that 
loss of F. occurs from an excited electronic state of (C2F6)+, 
whereas formation of (CF3)+ involves only the ground state. 
Other coincidence studies have concerned acetone and di- 
methylmercury (527) and CF4, N20, and COS ( J6 ) ;  the mass 
resolution is very low in some of these measurements. Radi- 
ative lifetimes have been reported for some small ions (55,  
J28). 

Buttrill (57)  has resolved metastable lifetimes (50-200 p s )  
of molecular ions formed by PI, and suggests that there are 
three discrete states of (C7Hs)+ (from toluene) involved in the 
loss of H. This interpretation has been criticized (58, 529). PI  
mass spectra have been reported for stereoisomeric cyclohexyl 
molecules (531, amino acids and small peptides (520,521) and 
trans-azomethane (J26) .  

PI has been used to form ions in a particular electronic state 
with a selected vibrational quantum number, so that the 
ion-molecule reactions of the species can be measured a t  
different vibrational energies (J9, 520). Thus, ( 0 2 )  (a49,) + 
0 2  + ( 0 3 ) +  + 0 proceeds only for vibrational quantum 
numbers v = 5-10 (522);  on the other hand, the reaction 
(NO)+ + i -  - HNO + (C4H9)+ shows little dependence 
on vibrational energy (from v = 0-4 (J25). Other PI studies 
have shown that the ( 0 2 ) +  ion reacting with NP to  form 
(NzO)+ is in an excited electronic state (52); similarly, the 
( 0 2 ) +  ion reacting with H2 to form (Hog)+ is electronically 
excited (52 1. PI has been used to initiate clustering of CHBOH 
around (NO)+ (5301, and to determine relative proton af- 
finities of HPS and CH:3OH (530, 532). Ion-molecule reactions 
of allylamine (533) and cyclohexane (J12)  have been inves- 

tigated by PI. 
Unimolecular Rate Theory. During the past few years, 

there have been developments in unimolecular rate theory 
which hold si nificance for mass spectrometry. We refer to the 
pulsed laserfkorescence experiments, and the theoretical 
treatments stimulated by these measurements, which suggest 
that vibronic relaxation in isolated molecules need not be fast 
and can indeed be rather slow (K2, K4 and references therein, 
K6, K14, K15). For example, rate constants for intersystem 
crossing in ketones (singlet - triplet), which is faster than 
internal conversion, are of the order of lo9 s-l (K3) .  Rice et  
al. (K5) have proposed that internal conversion in styrene puts 
energy into torsional modes which lose this energy only very 
slowly, so that vibronic relaxation is not complete prior to 
cis-trans isomerization in s. Pocius and Yardley (K22)  
have experimentally verified that there can be vibrational 
modes of an isolated molecule which play no part in radia- 
tionless decay. These various studies, while not specifically 
concerned with mass spectrometry, do combine to throw 
strong suspicion, particularly a t  low excitation energies, on 
the general validity of the quasi-equilibrium theories’ (QET) 
assumption of energy randomization prior to chemical reac- 
tion. Such suspicions are reenforced by chemical activation 
studies of Rabinovitch et  al. (K8, K22), who conclude that 
energy randomization is not complete within a picosecond in 
certain molecules. 

A quantum ergodic theory of unimolecular reaction, which 
is still being developed, precludes assumptions of energy 
randomization (K9, KZO and references therein). Alexandru 
( K 2 )  has published a further theoretical paper on ion frag- 
mentation. A review of unimolecular reactions contains some 
interesting points (K7) .  The discussion of approximations 
used for hindered internal rotations in energy level sums is 
useful for practical applications of $ET (K13) .  

Molecular Orbital (MO) Calculation. Molecular orbital 
(MO) calculations are of interest to the mass spectrometrist 
because, in principle, they identify stable ion structures and 
provide information on geometries and energies which is not 
available from experiment. Thus they ought to  complement 
mass spectrometry experiments (e.g., CID, ICR) where 
identification of structure rests upon inference from chemical 
reactivity. In practice, it can be difficult to evaluate the reli- 
ability of a particular calculation. The clear appraisal of the 
different MO methods given by McMaster (L30)  could be 
useful in this respect, and MO calculations of carbocations 
have recently been reviewed by Hehre (L26). It had been often 
suggested that semi-empirical methods tended to overesti- 
mate stabilities of nonclassical ions (relative to those of their 
classical isomers); however, Dewar et  al. (L2)  claim that this 
deficiency has been overcome by their MIND0/3 method. On 
the other hand, MIND0/3 has been unfavorably compared 
to ab initio methods by Pople (L34) and Hehre (L28), al- 
though this implied criticism has been refuted by Dewar 
(L21). 

Organic polyatomic ions treated by ab initio methods 
during the past two years include acetyl cations (L3.5, L40); 
haloethyl cations (L20); acyloxycations (L29); (C4H7)+ (L29); 
(CzH7)+ (L14) ;  protonated amines (L21); (HCHO)+ and 
(HCH0)- (L8, L32); (CH3)-, (C,H)-, (CzH3)-, and (C2H5)- 
(L39); (NOz)+ and (CO*H)+ (L5); (CH5)+ and (CH5)- (L22); 
(CsH6)+ (L25);  (CH2SH)- (L37);  (CzH?)+ and (CzH2)- (L4)  
and the tetracyanoquinodimethane anion and cation (L24) .  
The interconversion of cyclopropyl and allyl structures has 
been treated using configurational interaction for the cations, 
anions, and radicals (L32). There have been valence bond 
calculations of (C5H5)+, (CjHg)-, (C7H7)+, and (C7H7)- (L13). 

Semi- or non-empirical MO methods have been applied to 
acyloxy and dioxacyclopropyl cations (L36);  (CH20H)+ and 
(CH2SH)+ (LZ); (C2H2SH)+ (L6) ;  (C*HzF)+ (L7) ;  and 
(CHzNH)+, (CH(NH2)2)+, and (C(NH&)+ iL26). Stabili- 
zation of cations by u-delocalization has been discussed (L38). 

MO calculations are also quite commonly made with the 
object of rationalizing mass spectra (1522). The CNDO/2 
calculation of a partial energy surface of the ethylamine ion 
falls in this category (L27). There has been a series of papers 
seeking to elucidate specific ion reactions by means of semi- 
empirical MO calculations (L3, L25, L33); the value of this 
work hinges upon the accuracy of the calculations and this is 
very difficult to estimate. Ion decomposition following charge 
exchange with high energy incident ions in a tandem mass 
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spectrometer has been rationalized using MO calculations, 
on the grounds that fragmentation occurs a t  the bond from 
which the electron is removed (L23, L41). This type of ex- 
planation is open to criticism (L30). 

Some of the recent MO work on orbital and state symmetry 
and correlation is relevant to mass spectrometry (L l0 ,  L17, 
L28), now that attempts are being made to relate activation 
energies of gaseous ionic processes to Woodward-Hoffman 
Rules (see 122). We draw attention to the situation known as 
“subjacent orbital control”, where the energy of the transition 
state in the route “forbidden” by orbital symmetry is lower 
than that in the “allowed” route, because of orbitals below the 
highest occupied MO’s playing a dominant role (L9) .  

Negative Ions. Mass spectrometry of negative polyatomic 
ions has been recently reviewed by Bowie and Williams (M7).  
An earlier more physically inclined review is entitled “gaseous 
negative ions” (M16; see also M8). Negative ion-molecule 
reactions are currently attracting a good deal of interest par- 
ticularly in chemical ionization (see sections on ion-molecule 
reactions). A novel method of measuring ion-molecule pro- 
cesses which would lend itself to adaptation for use with 
commercial mass spectrometers has been described (M27). 

Work continues toward developing negative ion mass 
spectra produced by electron impact ( E I )  a t  70 eV for ana- 
lytical purposes (M2, M6, MI 7, M37). These spectra are due 
to secondary electrons, and thus are suppressed by the in- 
troduction of SF6 as a thermal electron scavenger (M3).  Dis- 
cussion of these spectra embraces familiar mechanisms (such 
as the retro Diels-Alder) ( M 5 ) ,  substituent effects, and iso- 
topic randomization (M4) .  

Ionization efficiency curves continue to be measured by E1 
for a variety of compound-types (M19, M32, M33). It has been 
suggested that thermal emission of negative ions from the hot 
filament can compromise this type of study (M15). 
Monoenergetic electron beams have been used to study dis- 
sociative capture in small molecules (M29, M39). The angular 
distribution of (0)- produced through dissociative ion-pair 
formation in 0 2  has been measured (M34, M35), and ion-pair 
formation in CF4 has been studied by a coincidence technique 
( M I ) .  Sharp resonances seen in electron transmission spec- 
troscopy of benzene and N-heterocyclics represent temporary 
negative ions (M26). Translational energies of ions formed 
by dissociative resonance capture are measured as a function 
of excess energy by Franklin et al., and provide important 
information concerning energy partitioning (M18, M36). 

Electron swarm methods provide information on electron 
attachment processes ( M I I ) ,  and have been used to study 
clustering in water (M38). I t  has been suggested that benzene 
has a small but positive electron affinity (MIO).  Cesium col- 
lision studies produce negative ions by charge exchange be- 
tween incident cesium atoms (with translational energies 
varied between 0 and 40 eV and higher) and the thermal gas- 
eous sample, e.g., Cs + m - (&)+ + (m)- (M31, M25); the 
threshold for charge exchange reflects the electron affinity. 
Fragmentation patterns are produced for polyatomic samples 
and bond energies can be estimated. The past two years have 
seen the technique applied to both polyatomic organic mole- 
cules (benzoquinone, maleic anhydride) (M12-14) and small 
inorganic molecules ( 0 3 ,  S02) (M28).  Collisions between or- 
ganic molecules and rare gas atoms in Rydberg states produce 
negative organic ions (M30). 

Tunable lasers are now quite commonly used for photode- 
tachment studies, and provide good values for electron af- 
finities (M20, M21). Fixed frequency lasers demand that the 
energy of the ejected photoelectron be analyzed (M9). Surface 
ionization has been used to study photodetachment from 
[(CN)&=C(CN)2]- (M22). There has been a report of pho- 
todissociation of a negative ion (M24; see also M23). 

Field Ionization (FI) and Field Desorption (FD). Field 
ionization (FI) in general has been reviewed by Robertson 
(N33) ,  and field desorption of organic compounds has been 
reviewed by Beckey and Schulten (N11, N12, N43, N44). A 
new edition of Beckey’s book is in preparation (N9) ,  and the 
relative merits for analytical purposes of FI, FD, chemical 
ionization, and electron impact have been evaluated (N15, 
P40). The crucial feature of an FI source remains the emitter; 
however, it is probably safe to say that conditioning of tung- 
sten W wires is now routine in many laboratories [notably 
Beckey’s laboratory ( N 2 ) ] .  A useful calibration curve of wire 
heating current vs. emitter temperature has been given (N25). 

A pre-roughing treatment is claimed to facilitate conditioning 
of W wires (N8). An electrochemical method of generating 
metal dendrites for use as FI emitters has been described 
(N52) ,  and the use of etched foils as emitters has again been 
advocated (N7). A small bundle of short thin (10 wm) W wires 
performs effectively as a multitip emitter, and has the ap- 
propriate symmetry for coupling with a quadrupole mass 
spectrometer (N10). The multitip array emitter (N4, N50) 
produced by vapor deposition was covered in the previous 
review (B4). The volcano FI source shows promise for higher 
routine sensitivity (Aberth, Wilder, and Burlingame, un- 
published results). The production of negative ions by FI has 
been achieved using a ‘he-inch W rod which is simply broken 
to produce a surface sufficiently rough to emit ions (N5) .  
Similar experiments have been reported using a multitip array 
(N6) .  Quite possibly negative FI will be useful for analytical 
purposes and it does hold fundamental interest. However, it 
is totally incorrect to claim, as these authors do (N6) ,  that 
negative FI has not been described before. Negative FI was 
studied extensively by Robertson and Williams in the early 
1960’s, and has been reported in the open literature by them 
(N34; see N53 for a full discussion of the whole subject of 
negative FI) and by other workers ( N l ) .  Further, these recent 
workers (N5, N6)  report that negative ions are formed below 
the field threshold for field emission of electrons; this is con- 
trary to the findings of the earlier investigation (N34, N53). 

Field desorption (FD), meaning the technique in which a 
solution of sample is placed on the emitter before introducing 
the emitter into the vacuum (N32) ,  is sine qua non the 
method of choice for mass spectrometric analysis of nonvol- 
atile thermally unstable compounds. However, this is not to 
say that FD is yet an established tool of the analytical chemist. 
The ground rules for interpretation of mass spectra obtained 
under FD conditions are still being laid (N45), and the ma- 
jority of reported spectra are still of “compounds from the 
bottle.” I t  cannot be assumed a priori that the base peak in 
an FD mass spectrum is a molecular ion [or (M + l)+]. The FD 
mass spectra of organic and inorganic salts often exhibit no 
molecular ion at all, although there tend to be cluster ions [e.g., 
(M + Na)+, (M + 2Na)+] which provide a clue as to the mo- 
lecular weight (N16, N26, N47, N48). In the FD mass spectra 
of onium salts (ammonium, phosphonium, etc.) the cation is 
usually the base peak (N41; see also N55). Generally speaking, 
a small amount of a metal cation on the FD emitter tends to 
have an effect on the spectra quite out of proportion to its 
abundance. Adding a macrocyclic ligand to the sample solu- 
tion has been suggested as a ploy for producing smooth re- 
producible spectra despite the presence of alkali metal cations 
(N54; see also N20). Alternatively, cationization can be en- 
couraged, so as to obtain a strong (M + cation)+ peak from 
which to calculate the molecular weight; three methods de- 
signed to ensure cationization have been described (N39) .  I t  
also cannot be assumed a priori that a FD mass spectrum will 
contain no “fragment” ions; sometimes such a moiety is the 
base peak (see for example N15). So-called field desorption 
mass spectra can contain ions resulting from several different 
physical processes such as field ionization, surface reactions, 
pyrolysis moieties, etc., and the source operating conditions 
which produce these phenomena are not yet well understood. 
Quadrupoles offer a fast sweep time (but poor mass resolution) 
which is an advantage for FD (N17) ,  and inclining the ana- 
lyzer a t  an angle to the source reduces noise to an acceptable 
level (N22). Accurate mass measurement in high resolution 
FD is possible through peak matching (N30) ,  as well as with 
photoplates. 

FD mass spectra of specific compounds are covered in the 
applications sections. The list of compounds for which FD 
spectra have been obtained includes oligosaccharides (N31; 
see also section on sugars), cyclophosphamides (N42; see also 
section on pharmacology), glycosides (N28, N46; see also 
section on complex lipids); aerosols from ozonolysis of but- 
1-ene (N49; see also section on environmental chemistry). 

There seems to have been something of a resurgence of in- 
terest in the measurement of FI appearance potentials (AP’s) 
(N18, N21, N23); the FI A P  is the minimum energy needed 
to be supplied by the field to produce a particular ion. Their 
values are derived from the measured translational energy 
distributions of the ions in question. The AP’s for some frag- 
ment ions confirm that many field-induced reactions require 
little activation energy (N23) .  The doubly-charged ions ob- 
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served in FI commonly arise through ionization of a chemi- 
sorbed molecule which loses a second electron in being de- 
sorbed from the surface (N36;  see also N14).  The AP for 
( C G H ~ ) ~ +  from benzene is too low for the species to have an 
intact cyclic structure (N37). A study of surface processes (see 
also N35) concludes that surface hydrogen rearrangements 
in molecular ions are intermolecular and not intramolecular, 
provided the ions are not chemisorbed (N38) .  Adsorption of 
hydrogen mixtures on FI emitters has been investigated 
(N40).  A number of papers have been concerned with FI of 
inorganic compounds such as sulfur (N13) ,  perchloric acid 
(N51) ,  and boron hydrides (N27).  

A theoretical treatment of field dissociation calculates finite 
probabilities of transitions to vibrationally excited states, 
although mentioning that the presence of the surface tends 
to encourage adiabatic transitions (N24). There has also been 
a thorough theoretical study of field dissociation of Hz and HD 
(N19). Using a CNDO method, a Russian group has calculated 
the electronic structures of acetaldehyde and propanal in a 
1O1O V m-1 field (N3,  N29). 

Collision-Induced Decomposition (CID). Interactions 
between ions of high velocity (typically 1-10 keV) and thermal 
neutrals can be studied using commercial mass spectrometers 
[perhaps slightly modified (04)]  and conventional techniques 
(B4) .  The types of processes induced through such interac- 
tions include charge stripping [(m)+ + N - (m)2+ + N + e] 
(015)  and charge inversion of both negative [(m)- + N - 
(m)+ + N + 2e] (09 ,011)  and positive ions [(m)+ + N - (m)- + (N)2+ and (m)+ + N - m + (N)+ followed by m + N - 
(m)- + (N)+]  (01 ,  020) .  There has been a detailed study of 
the charge exchange (m)2+ + N --. (m)+ + (N)+ in rare gases 
(02; see also 05, 032) .  However, the most frequently studied 
type of process remains collision-induced decomposition 
(CID), in which the incident ion retains its charge but gains 
internal energy and decomposes (016,021) .  I t  has also been 
pointed out that rather similar decomposition can be induced 
(sometimes inadvertently) by collision of ions with metal 
surfaces (e.g., walls of the analyzer) (014, 017) .  

Collision-induced decomposition (CID) is an important 
method for characterizing stable ion structures, and as such 
has been widely applied by McLafferty et al. They use a re- 
verse geometry instrument (B4) ,  and refer t o  their experi- 
ments as “collisional activation (CA)”. A number of stable 
(CTH;)+ structures (tropyllium, benzyl, 0-,  m- and p-tolyl, 
norbornadienyl) have been distinguished by this method 
(0291, also a handful of (CsHeO)+ structures (035)  and three 

stable (C2H40)+ structures (CH2CH20, CHsCHO, CH2= 
CHOH) (034;  see also116 and 019) .  Other ions investigated 

m 

in this way include oligopeptides (028), (CeHg)+ (D30), 
(C12H120)+ and (C12HgO)’ (0261, (C&N)+ and (CsH$)+ 
(025) ,  (CgH110)+ (031) ,  and the tetramethylenechloronium 
ion (033) .  Bowie (07, 08,  010)  has explored the possibilities 
for determining negative ion structures through CID. Ion 
structure stud& havk also been reported by Lev& et al. (06 ,  
022, 023, 027); in particular, we note the investigation of 
(C;Ha)+ and (C*Ha)+ produced by field ionization (FI) (024).  
In FI studies where the interest lies in unimolecular metast- 
ables, it  can be difficult to avoid collisional contributions to 
metastable peaks. Presumably this is because in FI the 
number of stable ions tends to be high relative to the number 
of ions with internal energies such that they decompose uni- 
molecularly in the field-free regions (see ClO). 

Using a longitudinal mass spectrometer and a range of 
collision gases (He, Ne, Ar, Kr, Xe), there has been a careful 
determination of isotope effects in the collision-induced for- 
mation of methyl ions [C(H,D)3]+ from [C(H,D),]+ (all five 
isotopic varieties) (013). The CID of (H2)+ following vibra- 
tional excitation has been treated theoretically (018).  Light 
in the wavelength range 300-650 nm is emitted from both 
excited ionic states and Rydberg states following collision of 
mono- and diatomic ions at  (500-5000 eV) with CO2 (012) .  
The photoionization instrument of Baer et al. (see J32) has 
been used to studv CID of (CHsBro)+ in selected internal . - _, 

energy states (03):  
Chemical Ionization. For the purposes of this review, we 

loosely define chemical ionization (CI) as exDeriments in 
which-a sample is mixed with an excess of reagent gas and the 
reagent gas is ionized, initiating ion-molecule reactions 
through which the sample itself is eventually ionized and 
subsequently analyzed mass spectrometrically. Chemical 

ionization has matured quickly, is extremely widely applied 
(P7, P44, P45, P52, and Applications Sections) and is fre- 
quently reviewed (P30, P37, P40, P48, P51). 

Chemical ionization sources which operate a t  or close to 
atmospheric pressure represent one of the most exciting de- 
velopments in mass spectrometry during the past two years. 
The atmospheric pressure ionization (API) of Horning et al. 
(P19) uses either electrons from “Ni or a corona discharge to 
ionize-a gas stream (often N2) containing the sample. The 
ion-molecule reactions induced in turn ionize the sample, and 
ions are extracted continuously through a pinhole (25 pm). 
The technique is directly related to the plasma chromatograph 
(P30-34) with the difference that API uses a quadrupole to 
analyze the extracted ions. Plasma chromatography relies on 
drift times along a tube (“ion mobility spectra”) to achieve 
mass analysis (P5).  With the API source, it  is probably pos- 
sible to ionize almost 100% of the sample. However, the ex- 
traction efficiency in terms of the number of ions passing 
through the pinhole is probably only in the region of 1%, in 
addition to which, the extracted ions diverge from the pinhole 
so that a further proportion is lost prior to mass analysis and 
detection. Yet, despite these losses, the sensitivity of API is 
a t  the subpicogram level (P6).  At these sensitivity levels, 
traces of water in the carrier gas are a problem since they may 
be ionized in preference to the sample (depending on the 
relative proton affinities). In common with other CI tech- 
niques, API provides both negative and positive ion mass 
spectra (P9, P10). Coupling of API with liquid chromato- 
graphs has been described (PI 7, P18; see section on GC/MS 
Computer Techniques). Specific applications of API are 
covered in the later sections of this review. Gray (P12, P13) 
has developed an atomospheric pressure ionization source 
which operates a t  high temperatures (core temperature 5000 
K) and can be used for elemental analysis (e.g., of aqueous 
solution of cobalt and lead salts). 

Hunt e t  al. (P23) have used Townsend discharge in CI a t  
the more usual operating pressures (1 Torr), thereby avoiding 
the sort of problems encountered when a hot filament is ex- 
posed to reagent gases with oxidizing properties. The same 
group has described the use of oxygen as a reagent gas to 
produce negative ions (P22; see also P34). Methylene chloride 
has also been used as a reagent gas for negative CI mass 
spectra, producing ions by chloride attachment (P46). Re- 
agent gases for positive CI mass spectra are better documented 
than those for negative CI, but there has still been a consid- 
erable amount of work in this area (P28, P53). There are ad- 
vantages to using nitric oxide and nitrogen mixtures as the 
reagent gas for biologically significant molecules because 
(NO)+ gives a molecular ion and (N2)+ produces a fragmen- 
tation pattern (P27). 1,2-Diaminoethane and 2-aminoethane 
and 2-aminoethanol can modify the reactivity of an isobutane 
plasma to advantage (P3).  Nitric oxide reagent gas has given 
good results with aldehydes (P25) and with morphine and 
tropane alkaloids (P24; see also P20, P21, and section on 
Pharmacology). Hydrogen has been used for certain explosives 
( P l l  ), an ammoniahsobutane mixture for oligosaccharide 
peracetates (P8), and methane, propane, and hydrogen for 
certain steroids (P39). Some chemical mass markers for CI 
have been suggested (P2).  Solutions of organic samples (1 in 
lo6 level) can in favorable circumstances be injected directly 
into the heated inlet system of a CI source (P43). An ingenious 
variation has been to generate water as a reagent gas in a solid 
sample probe by heating inorganic salts (P4) .  

Meisels e t  al. (P38) have shown that the arrival times (re- 
flecting source residence times) of (H30)+, (H502)+, and 
(H.i03)+ in CI of water differ, indicating that the reversible 
reactions forming these ions do not lie a t  equilibrium. How- 
ever, the reactions appeared to be pressure-independent and 
yielded linear van’t Hoff plots. The conclusion drawn is that 
linear van? H o f f  plots and pressure independence do not 
indicate that a reversible reaction in a CI source lies a t  
equilibrium. The temperature dependence of (CH4D)+ + CHI 
-+ CH3D + (CH5)+ has been investigated down to tempera- 
tures as low as 80 K; the process in fact appears to be tem- 
perature-independent, consistent with a zero activation energy 
(P42). Arrival time distributions have been reported for 
negative ions from CI of C02 (P41). 

Some mechanistic aspects of CI of esters have been eluci- 
dated by Munson et al. (P26) using 2H-labeling. The major 
ions in the isobutane CI spectra of secondary alcohols can be 
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accounted for by a long-lived (M + 57)+ ion (P29). Other 
mechanistic studies (P16, P36) have reported on stereospecific 
loss of water from bicyclic ketones ( P I ) ,  intramolecular hy- 
drogen bonding in bifunctional molecules (P50), ammonolysis 
of base-sensitive bonds (P14) and tert- butyl compounds 
(P35). CI of the epoxide determines the position of an olefin 
bond in an aliphatic chain (P47). A study of fluorotoluenes 
demonstrates the usefulness of perdeuterated reagent gases 
for elucidating reaction pathways (P15). 

High Pressure  Mass Spectrometry (HPMS). High 
pressure mass spectrometry (HPMS) covers experiments in 
which ion-molecule reactions are induced in the ion source 
of the mass spectrometer and ions continuously or intermit- 
tently are extracted for analysis (Q5, Ql2).  Theoretical papers 
of general significance are dealt with here; chemical ionization, 
however, is discussed separately. 

Determination of gas-phase equilibrium constants remains 
an active concern in HPMS, although there is discussion 
concerning the reliability of the results (R75, T20). Kebarle 
et al. have reported a large number of precise measurements 
of gas-phase acidities [(AI)- + AzH == A1H + (AI)-] (816, 
Q33, Q34). They have also reported on clustering in methane 
(Q7) ,  the proton affinity of propane (Q6)  and the clustering 
reaction Hz + (H,)+ F= (H,+z)+ (up t o n  = 9) (Q8).  Equilib- 
rium measurements extending to low temperatures have been 
reported from Poland (QI3, Q35; see also Q14). Field et al. 
have studied clustering in amines (Q18), tertiary alkyl car- 
bonium ion stabilities (Q30), and several association reactions 
of the type likely to occur in the atmosphere (Q19), and there 
has been an investigation of the gas-phase hydration of (si)+ 
(Q32). 

Harrison et al. have been active in the field of ion-molecule 
reactions, using the technique in which ions are trapped per- 
haps for milliseconds in the space charge of an electron beam 
(see also Q24) together with extensive isotopic labeling of 
reactants. Among the systems measured are 2-methylpropene 
(81 ), propane and methane/propane mixtures (Q29), thiols 
(Q27, Q28) and reactions of (C2Hs)+ derived from various 
precursors (Q29). Relative efficiencies of different bath gases 
for collisionally stabilizing excited (CsHg)+ in the ethylene 
system have been determined, and the conclusion reached is 
that stabilization involves long-lived complexes (Q22). Energy 
redistribution involves transitional rather than vibrational 
modes of the bath gas (Q22). The temperature dependence 
of ion-molecule reactions has been the subject of recent dis- 
cussion ( Q I  7, see also P38), and a new explanation has been 
put forward for the negative dependence of certain slow re- 
actions (Q20). The reaction (CzHs)+ + CH4 + (C3Hj)+ + Hz 
shows a linear positive dependence on temperature over the 
range 250-650 K (Q9),  and (H3)+ + 2Hz - (Hs)+ + H2 shows 
a negative dependence (usual for termolecular process) (QlO). 
A series of papers on SN2-type association reactions has 
sought to determine the role of solvation in the analogous 
solution reactions (Q2-4). There are apparently two distinct 
dimers [(CsH&]+ of benzene ( Q l I ;  see also R3). Using three 
pulses instead of the usual two in pulsed HPMS has, it is 
claimed, significant advantages for determinin the energy 
dependence of ion-molecule reaction rates (825) .  A new 
method of trapping ions has been described (Q21). 

Su and Bowers (Q31) have extended their theory of ion- 
molecule reactions in polar molecules to cope with quadrupole 
moments. A criticism has appeared of those experiments using 
“field-free’’ ion sources to determine thermal reaction rates; 
it is suggested that the thermal velocity distribution must be 
taken into account in interpreting the attenuation results 
(Q15). The conversion of phenomenological to microscopic 
cross sections has been discussed (Q23). 

Ion Cyclotron Resonance (ICR). Ion cyclotron resonance 
(ICR) is one of the most active areas of mass spectrometry, 
perhaps because its unique capabilities for ion-molecule 
studies (B4)  are combined with a ready commercial avail- 
ability. A major theme of ICR work continues to be determi- 
nation of equilibrium constants of ionic gas-phase reactions; 
the concern is generally with relative (rather than absolute) 
values for a series of reactions. The gas-phase equilibrium 
constants are considered to  reflect intrinsic chemistry, while 
differences between them and the equilibrium constants for 
the corresponding reaction in solution are attributed to sol- 
vation. Perhaps it is an indication that these gas-phase mea- 
surements are gaining acceptance in physical organic chem- 

istry, when measurements of acidities in DMSO are under- 
taken with a view to comparing the results with literature 
gas-phase data (rather than uice uersa) (R12). Staley and 
Beauchamp (R74) have addressed the key question of whether 
the gas-phase values of equilibrium constants are reliable 
(there is always a lingering suspicion that the reversible re- 
action may not lie a t  equilibrium) by comparing the results 
for the reaction (COzH)+ + CH4 + (CHj)+ + CO2 obtained 
by different techniques, viz., ICR, flowing-afterglow, high 
pressure mass spectrometry, and the trapping of ions in the 
space charge of an electron beam. The values from ICR and 
flowing-afterglow agree (see also T8) and are higher than those 
from the other two techniques (which also disagree with each 
other); the conclusion drawn (R74) is that the results from 
these other two techniques are unreliable and do not reflect 
equilibrium conditions. I t  should, however, be noted that re- 
sults from high pressure mass spectrometry for clustering of 
NH3 about (NH4)+ do agree with the results from a number 
of experiments (including flowing afterglow) in which equi- 
librium is probably attained (T20; see also R8).  

ICR equilibrium measurements (R37) have shown that, in 
the gas-phase, the stabilizing effects of para-alkyl groups on 
protonated benzene follow the order Me < Et  < i-Pr < t-Bu 
rather than the Baker-Nathan order observed in superacid 
solution. Stabilities of carbocations (R82, R85), fluorocar- 
bonium ions (R19), and alkoxide ions (R6, R7) have been in- 
vestigated by ICR with a view to elucidating solvation effects. 
The gas-phase basicity of manxine, when considered together 
with its photoelectron spectrum, suggests a planar bridgehead 
in both the neutral and the radical-cation (RIO). Other types 
of solution process simulated in the gas-phase and studied by 
ICR include acetylation of cresols (R22, see also R21), aro- 
matic nucleophilic reactions (R20), esterification (R76), nu- 
cleophilic substitution a t  carbonyl centers (R9, R14, R16), 
base catalyzed eliminations (R68) and intramolecular hy- 
drogen transfers of carbonium ions (R45). Unimolecular de- 
compositions and ion-molecule reactions of bifunctional 
ethers have been measured to pursue the analogy between 
intramolecular rearrangement and bimolecular processes 
(R57). Interestingly, hydrogen randomization appears to occur 
in protonated benzene (R34). Inorganic chemistry has seen 
ICR investigations of the gas-phase ion chemistry of iron 
complexes (R31, R32), chromium complexes (R30), phos- 
phines (R73, R79, R80), organoboron compounds (R58) and 
reactions of alkali ions with organic molecules (R81). 

There have been a large number of papers concerned more 
traditionally with delineating and determining rate constants 
for ion-molecule reaction pathways in various gases [tert-butyl 
alcohol ( R l l ) ,  organic cyanides (R15, see also Rl7, R18, R84), 
thiocyanates (R53), formaldehyde (R41, see also R42), mix- 
tures of small molecules (R39, R40, R44, R47, R52)]. In par- 
ticular, there has been a series on fluoroethylenes (Rl-3, see 
also R67); the same group has tested their average-dipole 
theory on reactions of ((21)- with dichloroethylene and di- 
fluorobenzene (R75). (Nz)+ has been produced in an excited 
electronic state and its ion-molecule reactions measured 
(R13). Hydrogen atom abstractions envisaged to occur in in- 
terstellar clouds have been investigated (R43). Photoioniza- 
tion has been used to initiate ion-molecule reactions of eth- 
ylene in an ICR cell (R49). 

Several workers have used ICR to study chemical ionization 
(CI), in particular elucidating protonation in esters (R59) and 
properties of NO reagent gas (R83). (CHFz)+ has been ex- 
amined as a possible reagent gas (R78). Charge exchange cross 
sections have been determined by ICR (R48). By trapping 
ions in an ICR cell for seconds, it is possible to use CI to detect 
vapors a t  pressures as low as 10-IO Torr (R56). Another novel 
type of experiment possible through ion trapping allows de- 
tection of the neutral products from ion-molecule reactions 
(R50). 

ICR continues to be used to characterize ion structures 
through their ion-molecule reactivity, and ions studied in this 
way include (CdHsO)+ (R35), cyclopropyl species (R36), 
ICH;)+ (R69). and (SiH4+ (R70. see also R54). Stereoisomers , I, ~ 

have been distinguished (R38) ,  as have the tautomeric 
[(CH&N=CHZ]+ and (CH3NH=CHCH3)+ (R77). I t  has 
been DroDosed that there are two (C7H7)+ ions formed by loss 
of H &om toluene. One undergoes ion-molecule reaction with 
toluene and is said to have the benzyl structure, while the 
other does not react with toluene and is said to have the tro- 
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pyllium structure (R27, R71). 
Photodetachment is conveniently studied in an ICR cell by 

trapping the negative ions for periods of seconds. Cross sec- 
tions can be determined, and upper limits set on electron af- 
finities (R60-66). Information can be gained regarding neg- 
ative ion structures (R61). Photodissociation also continues 
to be studied using trapped ion ICR techniques [benzene 
(R29)lperfluoropropylene (R33)] .  Photolysis of toluene ions 
has been performed with a trapped ICR cell (R46). 

Fourier transform ICR represents an important instru- 
mental development, which will improve the mass resolution 
of ICR and reduce sweep times (R23-26, R51, R55; see also 
section on Innovative Techniques and Instrumentation). The 
desirability of quantitative double resonance for complex 
reaction systems has been reemphasized (R28). A further 
theoretical treatment of power absorption has been put for- 
ward (R5). Possible pitfalls in interpreting pulsed ion ejection 
spectra have been emphasized by two recent papers (R4, R72) 
which show that certain reaction pathways proposed on the 
basis of such spectra in earlier papers are incorrect. I t  is sug- 
gested that noise may couple the electron impact spectrum 
with a pulsed ion ejection spectrum via space charge (R72). 

Tandem Mass Spectrometers and Beams. Tandem mass 
spectrometers and beam machines remain the domain of the 
instrument builder, and studies of polyatomic systems with 
these instruments are still relatively rare. A commercial 
double-focusing mass spectrometer with a collision region 
between the sectors could be regarded as a longitudinal tan- 
dem mass spectrometer with high energy incident ions, but 
we consider such experiments separately (see section on 
Collision-Induced Decomposition). Beam studies tend to 
concern matters beyond the scope of this review, such as the 
large inelastic scattering of (Na)+ by Dz ( S 3 ) ,  or energetics 
of charge transfer between (Ar)+ and H2 (S14).  

A beam instrument, referred to as a chemical accelerator, 
which allows the ion gun to be rotated around the collision 
chamber, has been used to study the reaction dynamics of the 
process (Ar)+ + CH4 - (ArH)+ + CH3 (S20). The interesting 
conclusion is that there is a translational energy threshold 
(0.1-0.2 eV) for this exoergic (-1.7 eV) process, thereby 
seemingly establishing an exception to the long-established 
maxim that exoergic ion-molecule reactions have no activa- 
tion energy (S19). Lampe et al. (S2, S9, S11, S12) have in- 
vestigated ion-molecule processes in silanes and silane/hy- 
drocarbon mixtures using a longitudinal tandem mass spec- 
trometer composed of two quadrupoles. They conclude that 
hydride transfers in monosilane and methylsilane occur via 
“direct stripping” at  high energies, but via collision complexes 
at  low energies (S8, S10). Another novel tandem instrument 
couples a Dempster magnetic sector with an ICR cell (2715) 
and has provided good results for reactions of (CHs)+ with 
small hydrocarbons (S4, see also R72). 

The isotopically mixed products from the process (CH2)+ + CD4 - (Cz(H,D)s)+ + (H,D)z have been explained by 
postulating three separate reaction channels, none of which 
involve an intermediate (collision complex) (S5). Similarly, 
crossed beam measurements, using the instrument referred 
to as EVA, suggest that the process (CH3)+ + CzH4 - (C2H3).+ + CH4 occurs via a direct mechanism despite showing isotopic 
“scrambling” (both D and I3C) (S18). The important point 
emphasized by these studies is that isotopic “scrambling” in 
an ion-molecule reaction does not necessarily mean that the 
process involves a long-lived intermediate or collision complex. 
The EVA instrument has been used for other work (S17), in 
particular a study of the process (O)+ + N2 - (NO)+ + N, 
believed to be one of the most important reactions in the F 
layer of the upper atmosphere (S16). Tandem mass spec- 
trometers have been used to study isotope effects on charge 
exchange in methane ( S I ) ,  energy transfer in charge exchange 
in methane (S13)  and propane ( S 7 )  and fragmentation of 
thiols (S6 ) .  Some studies with longitudinal tandem instru- 
ments are covered in the section on Collision-Induced De- 
composition. 

Flowing Afterglow and Drift Tubes. Flowing afterglow 
is probably the technique of choice for thermal ion-molecule 
processes, and two groups actively engaged in such studies 
have recently reviewed their own work (2’2, 2’19). Equilibrium 
constants determined in flowing-afterglow experiments have 
been found to agree with those from ion cyclotron resonance 
(ICR) and drift tube experiments (2’7). The technique has 

been extensively applied to reactions of geo- and astroph sical 

(NO)+ (2’3) and reactions of negative ions found in the lower 
atmosphere (2’5). Other types of process investigated in 
flowing-afterglow experiments include proton transfer to 
ammonia (TIO), reactions of (NzH)+, (N4)+ and (Ns)+ with 
water ( T I )  and the reaction of (NHs)+ with hydrogen (2’8) 
(which is slow at  thermal energies but shows a strong energy 
dependence). It was also possible using this technique to study 
the gas-phase ion chemistry of nitric acid (7’6). 

There are various other types of experiment using drift 
tubes in which ions move through the gas under the influence 
of a small electric field. Products are analyzed by extraction 
into a mass spectrometer or by measuring drift times 
(mobilities) (2’13, T18). Drift tubes have been employed to 
measure clustering in CO (T11), and clustering of various 
small molecules around (NO)+ (reactions important in D re- 
gion of atmosphere) (2’9). Another reaction (NO)+ + 2Nz == 
(NO Nz)+ + Nz, important in D region chemistry, has been 
studied in a drift tube (2’12). Results for clustering of am- 
monia about (NH4)+ agree well with those from other tech- 
niques (2’20) (see section on ICR). Results from a recently 
constructed flow drift tube (2’14, 2‘16) suggest that the in- 
ternal (vibrational) energy distribution of ions in drift tubes 
can be substantially removed from equilibrium (TI 7). This 
instrument has been used to study reactions of (HzO*)+, a 
species which occurs in the atmosphere a t  altitudes as high 
as 80 km (7’15). 

interest (2’4), such as clustering of ozone around ( 0 2 )  Y and 

APPLICATIONS IN BIOCHEMISTRY AND 
MEDICINE 

Amino Acids, Peptides, and Sequencing. Multiple ion 
monitoring (MIM) has been developed for routine determi- 
nations of 12 amino acids isolated from biological fluids (U35); 
the acids were analyzed as their n-butyl ester/(n-Bu) N-tri- 
fluoroacetyl (N-TFA) derivatives using deuterated amino 
acids as internal standards for quantitation. A similar system 
is reported by Schulman and Abramson (U34) who evaluated 
both n -Bu/N-TFA and N-neopentylidineln-butyl ester/tri- 
methylsilyl ether derivatives. However, these authors favor 
the use of repetitive scanning operation over multiple ion 
monitoring (MIM) for greater flexibility even though sensi- 
tivity is reduced. 

Single ion monitoring (SIM) of masses characteristic of 
certain functional groups has been used for the detection of 
trimethylsilyl (TMS) derivatives of primary amines [R- 
CH2-NHz] and a-amino acids [R-CH(NH?)_C02H] (2 1). 
This use of the mass spectrometer as a specific gas chroma- 
tographic detector permitted detection a t  the 10-100 femto- 
mole (iO-’5 mol) level. 

The procedure for the quantitative analysis of amino acids 
as N(0)-perfluorobutyryl-0-isoamyl derivatives has been 
improved (U8) and the fragmentation patterns obtained by 
GC/MS are presented. Horman and Hesford (U14) have 
evaluated N(N’,N’-dimethylaminomethy1ene)methyl ester 
derivatives for semiquantitative estimations by direct evap- 
orative techniques. Temperature programming of the ion 
source permitted construction plots of characteristic masses 
vs. ion source temperature; the technique is reported to give 
good results for the traditionally “difficult” amino acids. 

The pyrolysis behavior of phenylthiohydantoin derivatives 
has been described (U18) using combined pyrolysis/GC/ 
MS/computer techniques. In addition to mass spectral char- 
acterization, the computer-aided analysis of the gas chroma- 
tographic pyrolysis patterns is evaluated. 

A variety of a-methyl-a-amino acids, which are of interest 
in extraterrestrial and prebiotic synthesis studies, have been 
analyzed by gas chromatography and mass spectrometry as 
the corresponding 2-phenyloxazolin-5-ones (azlactones) (U9).  
These compounds gave relatively simple mass spectra but 
those of a-propyl-alanine and higher homologues showed no 
molecular ions. Gas chromatographic and mass spectral data 
have been compiled for amino acid thiohydantoins and their 
trimethylsilyl derivatives derived from specific cleavage of the 
C-terminal amino acid (U28). 

Interest has continued in the development of mass spec- 
trometric techniques and derivatization procedures for the 
sequencing of peptides. The EI, CI, and FD spectra of gly- 
cylglycine have been recorded using a combined ion source 
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(C27). The utility of field desorption mass spectrometry for 
sequence studies has been evaluated from spectra of peptides 
containing three, five, and nine residues ( U l ) .  The enhance- 
ment of volatility is evidenced by the spectrum of the unpro- 
tected peptide bradykinin which contains two terminal polar 
arginine groups; the molecular ion was recorded a t  m/e 1060 
together with ions corresponding to a series of overlapping 
fragments. The addition or removal of hydrogens by surface 
reactions, and the effects of solvents and inorganic impurities, 
however, present problems in sequencing unknown peptides. 
Several FD spectra of peptides have been reported by Rapp 
e t  al. (U29) and were used to evaluate the products obtained 
from synthetic procedures. 

The problem of differentiation of leucine and isoleucine 
residues in acetylated/perdeuteriomethylated oligopeptides 
has been evaluated using unimolecular metastable ion and 
collision activation spectra (U17); the latter spectra gave 
better structural information as they contained more sequence 
ions and fewer rearrangement ions, although sensitivity and 
resolution are comparatively lower. 

A rapid heating technique has been described to enhance 
the volatility of underivatized peptides including those con- 
taining arginine (U2, U3). Mass spectra were obtained from 
samples dispersed on Teflon by proton transfer ionization 
(ionizing reagent NH4+) and primary fragmentation occurs 
a t  the peptide bond together with elimination of small neutral 
molecules. Spectral correlations permitted determination of 
the sequence of the arginine-containing nonapeptide bra- 
dykinin (U3).  Mass spectra of arginine and cystine (C64) and 
two tripeptides (C40) have been recorded using the new z5zCf 
fission source and a time-of-flight mass spectrometer (see 
section on Innovative Techniques and Instrumentation). 

Schier and Halpern report that trifluoroacetyl/methyl ester 
derivatives can be synthesized in the tip of a direct insertion 
probe by pyrolysis of the peptide in the presence of tri- 
methylanilinium hydroxide and methyl trifluoroacetate 
(U31). The pyrolytic methylation procedure was also evalu- 
ated for a variety of N-protecting groups (U32) and the E1 
spectra gave the molecular and N-terminal sequence ions 
expected for Val-Ile-Ala. The extent of N-methylation of the 
amide groups is discussed and the spectra evaluated for se- 
quence information without purification or isolation of in- 
termediates. The pyrolytic formation of N-acetylacetonyl 
methyl ester derivatives followed by the joint use of electron 
impact and chemical ionization mass spectrometry provides 
a direct method for the analysis of dipeptides (U33); neither 
prior separation nor reference compounds are required. The 
CI spectra gave protonated molecular ion information to 
complement N-terminal residue data from electron impact 
spectra, and the results were correlated by relative volatility 
considerations together with corroboration using dimethyl- 
trideuteriomethyl anilinium hydroxide reagent if required. 

The isobutane chemical ionization mass spectra of several 
underivatized peptides have been recorded (U4)  and evalu- 
ated for sequence information. Several of the peptides, how- 
ever, failed to give any molecular weight information [(M + 
l)+ or (M + 1 - 18)+ ions], or sufficient fragment ions to 
permit residue identifications. The combined use of CI and 
E1 mass spectra permitted an evaluation of the N,O-per- 
methylation reaction for peptides prior to sequence studies 
(U21). The various artifacts due to C-methylation were found 
to be dependent on residue position and the structure of 
neighboring residues. 

The development of a peptide-sequencing algorithm for 
accurate mass measurements is reported by van’t Klooster et 
al. (U36). Sequences were constructed from both termini (N 
+ C and C - N) and correct identification relied on self- 
consistency of the two sequences; the value of elemental 
compositions was assessed by comparison with the same data 
after conversion to nominal masses. 

Roepstorff and Kristiansen (U30) have described the use 
of a single cycle Edman degradation to eliminate ambiguities 
in the spectral interpretation of peptide mixtures. The results 
from the degraded sample were compared with those from the 
intact peptide and the computed number of possible se- 
quences was shown to be significantly reduced. The alternate 
use of p-chloro- and p-bromo-phenylisothiocyanate for the 
Edman degradation of peptides has been reported to reduce 
ambiguity in sequence determination by mass spectrometry 
(U22),  since the fragment ions of the resulting phenylthio- 

hydantoin derivatives may be easily recognized from their 
characteristic halogen-isotope pattern. 

The value of certain “non-sequence” ions in the spectra of 
acetylated/permethylated peptides has been reported (U5).  
Two consecutive N-C cleavages with hydrogen rearrangement 
occur a t  aspartic acid, asparagine, phenylalanine, histidine, 
tyrosine, or tryptophan, and are therefore diagnostic of par- 
ticular residue sequences. A rapid procedure has been pro- 
posed (U6) for screening sequences in related proteins by 
comparison with a “template” model. 

A related series of peptides containing 2-8 residues and 
corresponding to the C-terminus of scotophobin has been 
synthesized and examined mass spectrometrically ( U l l  ). 
N- Acetylated/N,O- permethylated derivatives combined with 
deuterated analogues (CHsCO/CH3, CD3CO/CH3, CH3CO/ 
CD3, CD3CO/CDs) were examined to confirm fragmentation 
pathways and rearrangements. 

Several new N-protecting groups have been evaluated by 
Okada et al. using model peptide methyl esters containing 3 
to 12 residues (U26). 3-Hydroxyalkanoyl (C&18) derivatives 
gave the expected sequence ions together with ions 18 mass 
units lower because of dehydration to the corresponding 2- 
alkenoyl derivatives. Both synthesized derivatives gave 
spectral information a t  least comparable to acetyl derivatives. 
The 3-hydroxydecanoyl derivatives were particularly favored 
as the 18 mass unit doublets made recognition of sequence ions 
easier. 

Pritchard et al. reported the identification of amino acids 
and dipeptides by derivatization with fluorescamine or 2- 
methoxy-2,4-diphenyl-3(2H)-furanone (U27). The spectra 
show few fragment ions and, for the dipeptides, the base peak 
corresponds to the ketone of the lactonized derivative; the 
limited fragmentation behavior may permit sequencing of 
dipeptides and, as the derivatives fluoresce, they may be easily 
traced during isolation procedures. Falter et al. (U7)  have 
investigated several derivatives which would allow mass 
spectrometric analysis to be combined directly with estab- 
lished preparative paper chromatography and electrophoresis 
methods. The nondestructive detection of the peptides was 
achieved using dansyl chloride, N,N- dimethylaminobenzal- 
dehyde, N,N-dimethylaminocinnamaldehyde or N-hy- 
droxy-succinimido-P-naphthoate, and the resulting deriva- 
tives were evaluated from the standpoint of their suitability 
for mass spectral sequencing. A procedure is described (U10) 
for the removal of Quadrol (used in buffers for automatic 
protein sequencing) prior to mass spectral residue identifi- 
cation of resulting thiazolinone derivatives of amino acids; 
boric acid extraction results in the elimination of extraneous 
peaks in the spectra, permitting more accurate identifications 
particularly from computer data. 

The conversion of oligopeptides to cyclic dipeptides fol- 
lowed by trimethylsilylation has been evaluated by Johnstone 
and Povall for sequencing by GUMS (U15). Apart from ions 
(m/e 73 and 75) due to the derivatizing function, the spectra 
gave abundant molecular and (M - 15) ions; however, variable 
yields of cyclic dipeptides resulted under the conditions used, 
making the procedure of limited utility a t  present for small 
quantities. 

The gas chromatographic and mass spectrometric proper- 
ties have been reported for volatile oligopeptide derivatives 
formed by reduction of N-perfluoroacyl methyl esters with 
lithium aluminum deuteride (LAD) followed by trimethylsi- 
lylation (U23). This procedure gives particularly volatile 
products for all naturally-occuring amino acid residues which 
permits analysis by GC/MS, and the spectra gave intense se- 
quence ions together with ions corresponding to loss of CH3 
from the molecular ion. These derivatives were used in the 
sequencing of a carboxypeptidase inhibitor isolated from 
potatoes (U12). Accurate mass measurements and the anal- 
ysis of metastable ions were used to determine the structure 
of the cyclotetrapeptide Cyl-2, a plant growth inhibitor iso- 
lated from a fungus (U13). 

Recent detailed reports by Kelley et al. (U16) and Nau et 
al. (U24)  discuss the sequencing of polypeptides by GC/MS 
analysis of hydrolysis products derivatized as the 0-tri-  
methylsilylated polyamino-alcohols. The generation of oli- 
gopeptide mixtures was optimized with respect to the degree 
of sequence overlap and a combination of acid hydrolysis and 
enzymatic digestion was determined to be the most suitable 
method. The resulting complex mixtures were derivatized and 
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characterized directly utilizing chromatographic retention 
indices in addition to mass spectral and mass chromatographic 
data. 

A new technique has been reported for the study of the 
active sites of enzymes (U25).  The enzyme is modified by an 
active-site directed reagent and digested into a mixture of 
oligopeptides which are derivatized (esterification, acetyla- 
tion, LAD reduction, trimethylsilylation) and analyzed by 
GC/MS without further separation or isolation procedures. 
By comparison with the sequence of the unmodified enzyme, 
the specific residues of the active site may be determined. The 
method was exemplified by the identification of Glu-270 in 
the active site of carboxypeptidase A using a carbodiimide as 
the enzyme-modifying reagent, and the possible incorporation 
of I80 into the carboxylic groups of Glu-270 or other acidic 
residues near the active site was also determined. 

Purines and Pyrimidines, Nucleosides, Nucleotides. 
The application of mass spectrometry to nucleic acid chem- 
istry has been comprehensively reviewed by McCloskey (V7) ;  
coverage includes discussion of low and high resolution 
techniques, the spectra of free and derivatized bases and nu- 
cleosides, derivatives of mononucleotides, and sequencing of 
dinucleotides. 

The quantitative detection of purine and pyrimidine bases 
and nucleosides of pharmacological interest has been under- 
taken by mass fragmentography with a GC/CIMS combina- 
tion (V9) .  The (M + l)+ ions of the permethylated derivatives 
of model compounds were monitored and permitted detection 
of arabinosylcytosine a t  a level of 0.1 mg/ml of serum. 

Wilson and McCloskey have undertaken a systematic in- 
vestigation of the chemical ionization mass spectra of nucle- 
osides using a variety of reagent gases (V14).  As well as pro- 
tonated molecular species, the spectra show a principal ion 
corresponding to the (base + 2 H) arising from initial base 
protonation hydrogen transfer from 0-2' and cleavage of the 
glycosidic bond. Estimated proton affinities provided a rela- 
tive basicity scale for the common bases and nucleosides; in 
the gas phase, nucleosides were found to be more basic than 
their corresponding purines or pyrimidines. CI and E1 spectra 
were recorded for several purines and pyrimidines derivatized 
by an improved method for N-methylation ( V I ) .  

The differentiation of 3'- and 5'-0-substituted nucleosides 
has been achieved by a GC/MS method ( V I I ) .  The tert-  
butyl-dimethylsilyl derivatives are separable by gas chro- 
matography, are less easily hydrolyzed compared to TMS or 
TFA derivatives, and give characteristically different spectra 
for the 3'- and 5'-isomers of thymidine and deoxyadenosine. 

Further studies are reported on the mass spectra of pyrol- 
ysis products of nucleic acids (VlO).  Using the Curie-point 
pyrolysis technique, spectra of DNA and RNA were recorded 
by both low voltage ionization and high resolution field ion- 
ization for comparison; the accurate mass measurements 
confirmed that the carbohydrate moiety produced the ma- 
jority of the resulting ions, and key fragments permitted dif- 
ferentiation of DNA and RNA at  the microgram level. 

Liehr et al. (V5)  have examined the origin of the [base + 411 
ion that is characteristic in electron impact spectra of cytosine 
nucleosides. Using low and high resolution spectra together 
with TMS, TFA, and permethylated derivatives and labeling 
techniques, a mechanism for the transfer of CnHO from the 
sugar to the base was proposed. The electron impact induced 
elimination of methylenimine is important in the structural 
characterization of several methylated purine bases or nu- 
cleosides and the mechanism of this reaction has been studied 
in dimethylamino nitrogen-heterocycles using deuterium- 
labeled model compounds (V13).  Mass spectra obtained of 
gas chromatographic effluents were used to determine the 
extent of trimethylsilylation of nucleosides synthesized for 
a gas chromatographic study (V3) .  McCloskey et al. have 
discussed the mass spectral characteristics of trimethylsilyl 
derivatives of N-succinyl metabolites of adenine and ami- 
noimidazole carboxamide, and N6-(2-succinyl) -adenine was 
identified in human urine by liquid chromatographic frac- 
tionation followed by GC/MS (V8) .  

Direct insertion low resolution mass spectrometry was used 
to analyze the products obtained from treatment of synthetic 
polynucleotides with the antitumour agent 1,3-bis(2-chlo- 
roethy1)-1-nitrosourea, which is known to possess alkylating 
activity and which may modify cellular DNA and RNA. After 
incubation, nucleotides were obtained by chemical or enzy- 

matic methods and were analyzed as their corresponding 
nucleoside trimethylsilyl derivatives (V6) .  A similar procedure 
using GC/MS together with liquid and thin layer chromato- 
graphic techniques was used to sequence the 5'-terminal oli- 
gonucleotide from U-2 ribonucleic acid (V12).  

Kempster e t  al. ( V 4 )  have reported field ionization mass 
spectra of free bases derived from HF/BF3 hydrolysis of nu- 
cleic acids, and two fluorescent compounds derived from 
N6-( A2-isopenteny1)-adenosine have been characterized (V2).  

CARBOHYDRATES 
Lonngren and Svensson have published a detailed review 

on the structural analysis of natural carbohydrates by mass 
spectrometry ( W14). The scope includes monosaccharides 
derivatized by permethylation, peracetylation, trimethylsil- 
ylation, and partial methylation; monosaccharide alditol ac- 
etates, trifluoroacetates, methyl ethers, trimethylsilyl ethers, 
and partially methylated alditol acetates; various additional 
monosaccharide derivatives; and derivatized oligosaccharides. 

The field desorption mass spectra of D-glucurono-6,3-lac- 
tone, ~-gulono-1,4-lactone, xylitol and L-sorbose have been 
recorded ( W 3 ) ;  the spectra show a single (M + 1) peak at  low 
emitter temperatures and this ionization technique is con- 
sidered to be a useful addition to current methods (see section 
on Field Ionization and Field Desorption). Dougherty et al. 
have studied the CI mass spectra of oligosaccharide perace- 
tates using a 2:1 mixture of ammonia and isobutane as the 
reagent gas (P8);  the spectra of the di-, tri-, and tetra-sac- 
charide derivatives showed intense ions corresponding to an 
(M + NH4) ion, and individual monosaccharides could be 
determined from similar ammonium ion complexes with 
thermolytically-derived neutral fragments. Horton et al. 
(W10) have assessed the utility of chemical ionization tech- 
niques for sugar derivatives with both isobutane and ammonia 
as reagent gases (see section on Chemical Ionization); the 
spectra are particularly simple and generally give molecular 
ion information from (M + H) or (M + "4) ions. The limited 
fragmentation results from simple dehydration or cleavage 
of substituent groups. A detailed study of fragmentation of 
1,6-anhydro-3,4,0-isopropylidene-~-D-talopyranose has been 
undertaken by Horton et al. using high resolution electron 
impact spectra of specifically deuterated derivatives ( W 9 ) ;  
a comparison of the chemical ionization spectra with ammonia 
and isobutane reagent gases was also reported. The frag- 
mentation of methyl (methyl 2,3,4-tri-0-methyl-a-D-gluco- 
pyranosid)uronate a t  70 and 12 eV electron energies has been 
studied using various trideuteriomethyl derivatives (WI1);  
the low energy spectra contain only the primary fragments and 
are therefore easier to interpret, and are preferred for struc- 
ture elucidation of monosaccharide methyl ethers. The related 
amine has been similarly investigated (W12) at  low and high 
ionizing energies incorporating CD3- and NDz-labeled groups; 
a new fragmentation series results from the presence of the 
amide function. Specifically deuterated derivatives and high 
resolution mass measurements were used to determine the 
fragmentation behaviour of N-acyl derivatives of dauno- 
samine, the glycoside moiety of certain antitumour antibiotics 
(W27),  and a facile stereospecific elimination of MeOH was 
found to occur for methyl P-daunosaminides. 

Studies have continued on the mass spectra of derivatives 
which are suitable for analysis by GC/MS. Pertrimethylsily- 
lation is particularly popular and reports include TMS deri- 
vatization of alditols and acids derived from alkaline degra- 
dation of partially methylated glucoses and galactoses ( W l ) ,  
deuterated alditols from reduction of aldoses, ketoses and 
lactones (W5),  0- methyloximes of 2-acetamido-2-deoxyal- 
doses ( WZO), branched deoxyaldaric acids from 4-0-substi- 
tuted uronic and ulosonic acids (W21),  partially methylated 
sugars (W25), glucuronic acids (W16), and benzene-, butane-, 
and methane-boronates of pentoses, hexoses, and acet- 
amido-hexoses (W.22). Other studies by GC/MS include 
identification of aldonic and uronic acids as deuterium-labeled 
alditol acetates (W24), per-0-acetylaldono-nitriles ("25) and 
0-isopropylidene aldose derivatives (W19),  methyl ethers of 
2-deoxy-2-(N-methylacetamido)-11-glucose (W23) ,  and 
partially methylated N-methylglucosamines (W26).  

Wood and Siddiqui have reported the spectra of boronic 
esters of xylose, arabinose, fucose, glucose, fructose, and 
glyceraldehyde (W28, W29);  butane boronates, silylated if 
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are preferred for gas chromatographic analyses, but 
E E n 3 o r o n a t e s  may be more suitable for some applications 
because of their crystallinity. The condensation of saccharides 
with substituted hydrazones has been investigated with the 
view to mass spectrometric analysis (W13). Without deriva- 
tization, hydrazones of pentoses and hexoses are thermally 
destroyed but satisfactory spectra could be obtained from 
peracetates of monosaccharide hydrazones and are discussed. 

The diagnostic value of mass spectra of carbohydrate en- 
ones has been evaluated by Holder and Fraser-Reid (W8) 
using confirmatory accurate mass measurements on selected 
ions. Two main fragmentations were observed: the direct loss 
of ring substituents, and the retro-Diels-Alder type cleavage. 
The latter process permits location of the position of the 
a,@-unsaturated keto chromophore in these molecules. High 
resolution measurements were also used in a study of the re- 
action products obtained from sugars containing vicinal cis- 
or trans-amino-alcohol groups on treatment with benzene- 
boronic anhydride ( W17). 

The sequence analysis of small oligosaccharides has received 
further attention. Guerrera and Weill ( W 7 )  have discussed 
the competing primary fragmentations of maltose acetate 
including some iodo derivatives, and the permethyl and per- 
trimethylsilyl derivatives of lacto-N-tetraose have been 
evaluated for mass spectral sequence information (W6) .  Co- 
lard et al. ( W 4 )  have determined the sequence of the trisac- 
charide portion of a new saponoside, and spectra are reported 
for the permethylated saponoside and its methanolysis 
products, as well as for various alditol derivatives obtained by 
reduction with NaBH4 and NaBD4. The permethyl ethers of 
25 oligosaccharides have been studied by Moor and Waight 
(W18); reproducible spectra could be obtained by careful 
purification of the parent sugar prior to methylation. The 
fragmentations gave structural information on the presence 
of fructose units, the pyranose/furanose ratio and the position 
of the glycosidic linkage, and thus preference is given to 
methylated derivatives compared to trimethylsilyl ethers for 
structure determination. 

Partial hydrolysis and GC/MS of the resulting oligosac- 
charides as alditol acetates was used to study the sequence of 
the capsular polysaccharide from Klebsiella Type 52 (W2)  
but anomeric residues could not be differentiated. 

Complex Lipids. This section summarizes the main de- 
velopments related to complex glycosides (glycolipids), 
phosphorus-containing lipids (including sphingolipids), and 
complex lipids which contain sphingosines (ceramides and 
cerebrosides or sphingoglycolipids). 

A review of the literature prior to 1974 has appeared (X37)  
on the GC/MS analysis of large polar lipids. Coverage includes 
sample preparation and instrumentation, separation and 
characterization studies, and applications to glycerophos- 
pholipids, sphingosines, ceramides, sphingophospholipids, 
sphingophosphonolipids, and sphingoglycolipids. 

The high resolution field desorption mass spectra of a va- 
riety of underivatized glycosides have been recorded (X33)  
and the identification of the sugar and aglycone moieties can 
be deduced from the observed fragmentation patterns. This 
ionization technique provides molecular weight information 
which is difficult to obtain from electron impact spectra of 
unmodified compounds, but the presence of ions such as [M + 23Na]+ and [M + 39K]+ attributed to Na and K salt im- 
purities would make the determination of molecular weights 
of unknown compounds ambiguous. 

Electron impact studies have been reported for the struc- 
ture determination of a variety of synthetic and biologically- 
derived glycosides. Batrakov et al. ( X I ,  X 2  and references 
therein) have discussed the fragmentation behavior of de- 
rivatized monoglycosyldiglycerides and summarize the 
structural information that can be derived. Natural deriva- 
tives of neuraminic acid have been investigated by Kam- 
merling et al. (X14,  X15)  utilizing both high and low resolu- 
tion measurements. Trimethylsilylated methyl esters gave 
characteristic spectra permitting identification of N -  and 
0-acyl groups, and differentiation of (2  - 3)- and (2 - 6)- 
linked isomers of N-acetylneuraminic acid-lactose. GC/MS 
was used to identify acetylated diglycerides derived from 
phosphatidylcholine (X12)  after TLC separation according 
to the degree of unsaturation of the long-chain acyl groups; 
mass spectral data gave the structure and location of the fatty 
acid residues attached to glycerol. Examples of other uses of 

mass spectral data to identify glycosides may be found in the 
following papers: X4,  X8,  X24, X31, X38. Specific mention 
should be made of a study of steroid saponins by high reso- 
lution mass spectrometry involving accurate mass measure- 
ments by photoplate detection of high mass ions exceeding 
m/e 1000 (X25) .  

Phospholipids are generally analyzed by mass spectrometry 
after degradation (removal of phosphate ester or fatty acids) 
and subsequent derivatization (see, e.g., X3,  X21, X22). This 
approach has been utilized by Curstedt and Sjovall ( X 7 )  to 
study the incorporation of deuterium derived from metabo- 
lized [l,l-2H2] -ethanol into phosphatidylcholines isolated 
from rat bile. Most of the deuterium was found to be located 
in the glycerol portion, and time-dependent measurements 
following ethanol administration may be related to the met- 
abolic turnover rate of phosphatidylcholine. Einolf and Fen- 
selau ( X 9 )  describe the identification of trimethylsilyl de- 
rivatives of a-glycerophosphoryl-glycerol and -inisitol as 
moieties of phospholipids derived from human alveolar se- 
cretion. Karlander et al. (X16)  re ort a selective N-demeth- 
ylation procedure to allow G C h S  analysis of the polar 
phosphate and phosphonate moieties of choline-containing 
lipids. A similar procedure formed part of the methods used 
in detailed structure determinations of sphingomyelins 
(ceramide phosphorylcholines) and ceramides isolated from 
bovine kidney (X23) .  

Preliminary studies on the analysis of intact phospholipids 
by field desorption mass spectrometry have been reported 
( X l 0 ,  X40);  molecular weight information may be derived 
from molecular or “quasimolecular” (M + 1) ions and 
structurally-significant fragments have been identified, in- 
dicating the potential utility to the study of natural mixtures. 

The characterization of sphingolipids by mass spectrometry 
has continued to attract attention. Markey and Wenger (X29)  
have compared electron impact and chemical ionization 
spectra of acetylated and perdeuterio-acetylated derivatives 
of ceramides, cerebrosides, and ceramide dihexosides, and also 
include an evaluation of the problems involved in the analysis 
of such polar, polyfunctional molecules by electron impact 
ionization. The chemical ionization spectra, obtained using 
methane as the reagent gas, show abundant high mass ions 
corresponding to protonated molecular ions or to the loss of 
H20, CH30H or CH3C02H from the (M + H) ion. Maximum 
structural information may be derived from the combined use 
of both techniques. The detection of cerebroside molecular 
ions in electron impact spectra has been reported by Ohnishi 
(X30);  a mixture of trimethylsilyl derivatives was introduced 
via a glass chromatographic column and glass interface, and 
molecular ions (deduced from lower mass ions) were detected 
at mle 1259, 1257,1171, and 1169 in the spectrum obtained 
from the major chromatographic peak. 

A detailed study on the fragmentation behavior of bis(0- 
trimethylsilyl-N-acety1)sphinganine has appeared (X27)  and 
utilizes low resolution GC/MS, accurate mass measurement 
and perdeuterio-trimethylsilylation techniques. The mass 
spectra of a series of glycosphingolipids using permethylated 
derivatives have been evaluated for structural studies (X28) .  

Other studies include glycosylceramides isolated from 
human erythrocyte membrane ( X l l ,  X36, X39) ,  ceramides 
from rabbit leukocytes ( X 6 ) ,  long-chain bases of sphingo- 
phosphonolipids from Turbo cornutus ( X 1 3 ) ,  glyco- 
sphingolipids from the salt gland of spiny dogfish (X22) ,  and 
cerebrosides from a marine sponge (X32) .  

A series of papers has appeared by Karlsson and co-workers 
on the mass spectral characterization of glycosylceramides 
isolated from various tissues including bovine and dog di- 
gestive tracts, horse kidney, bovine brain, and human tumors 
and small intestine (X5 ,  X18-20, X34, X35) .  Of particular 
note is the identification of derivatives of hexaglycosylcer- 
amide of brain tissue ( X I  7 )  which involved measurement of 
molecular weight ions a t  m/e 2245. This was achieved on about 
10 mg of material using an AEI MS-902 mass spectrometer 
operated at 30 eV and 3.2 kV accelerating voltage. The authors 
point out that “. . . this glycolipid is the largest organic mol- 
ecule so far analyzed in the gas phase with structural infor- 
mation on the complete molecule”. 

Prostaglandins. Gas chromatography/mass spectrometry 
has continued to be an important technique for the identifi- 
cation and quantitation of prostaglandins and their metabo- 
lites. However, as summarized by Samuelsson et al. in a gen- 
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era1 review (Y25), care should be taken in the interpretation 
of data on endogenous levels of prostaglandins because of 
increased or continued biosynthesis during sample handling, 
production by autoxidative cyclization, and release from 
platelets during collection and handling of plasma and serum. 

A review of mass spectrometry of prostaglandins has been 
published by Crain et  al. (Y2) and includes a guide to pub- 
lished spectra, preparation of derivatives, spectral interpre- 
tation and quantitative determination using deuterium-la- 
beled internal standards and multiple ion monitoring of gas 
chromatographic effluents. 

Several papers have appeared on the use of chemical ion- 
ization techniques in GC/MS analyses (see Chemical Ioniza- 
tion section). Oswald et al. (Y24) evaluated the electron im- 
pact and CI spectra using both methane and isobutane as re- 
agent gases for underivatized PGEz and PGFl,, and for tri- 
methylsilyl, acetyl, and trifluoroacetyl derivatives of prosta- 
glandin methyl esters. GC/CIMS using both methane and 
helium reagent gases was used to identify prostaglandin 
products formed from the incubation of adrenic acid with 
sheep vesicular gland microsomes (Y32). Following purifi- 
cation by thin layer chromatograph , la,lb-dihomo-PFG2, 
was identified as the methyl ester&MS ether, and la , lb -  
dihomo-PGEz was identified as the methyl ester/methox- 
ime/TMS ether; both types of CI mass spectra are shown for 
these homologues and for the corresponding derivatives of 
PGFz, and PGEz. 

Elucidation of the characteristics of electron impact mass 
spectra of prostaglandins has continued to receive attention. 
Middleditch and Desiderio studied the alkyloxime/TMS 
ester/TMS ethers of prostaglandins Al, B1, El, and F1, util- 
izing high resolution MS data and dg-TMS labeling (Y20); 
certain fragmentation processes were found to be common to 
all spectra and others were unique to the particular prosta- 
glandin under study. The mass spectral behavior of prosta- 
glandin A1 and its methyl ester (YI 7) and the methyl esters 
of E1 and E2 (Y16) have been reported; low electron voltage 
spectra, metastable ion decomposition studies, high resolution 
MS data and deuterium labeling were used to elucidate frag- 
mentation mechanisms. 

Watson and Sweetman (Y33) have compared the spectra 
of various derivatives of PGA1, PGA2, PGB1, and PGBz in 
order to evaluate their usefulness for quantitative analysis by 
multiple ion monitoring of gas chromatographic effluents; the 
derivatives studied were the methyl ester/TMS ether, TMS 
ester/TMS ether, and methyl esters additionally derivatized 
as tert-butyl-dimethylsilyl ether, methoxime/TMS ether, 
acetate, and methoxime/acetate. The spectra permitted dif- 
ferentiation between the PGA and PGB isomers, particularly 
in the case of methyl esterhilyl ethers and persilylated de- 
rivatives. 

The use of N-trimethylsilylimidazole in the presence of 
piperidine has been reported for the rapid quantitative deri- 
vatization of prostaglandin methyl esters to give single 
products with suitable gas chromatographic properties (Y22); 
quantitation of these derivatives of standard PGF2, and PGEz 
by GC/MS with multiple ion monitoring was found to be lin- 
ear over the range 2.5 to 170 pmol using tetradeuterated an- 
alogues as internal standards. The method has been used to 
study the biosynthesis of these prostaglandins in slices of rat 
cerebral cortex during incubation in the absence of added 
precursors (Y21, Y23). 

The quantitative analysis of prostaglandins by mass spec- 
trometric methods has been summarized recently by Green 
et  al. (YIO). Quantitation may be accomplished by multiple 
ion monitoring using a deuterium-labeled analogue, or by 
using an unlabeled homologue as internal standard and 
monitoring a single common ion. Following the method pro- 
posed by Lee and Millard (Y19), Cory et al. have reported a 
standard deviation of 8.5% for 5 determinations of 10 pg of 
prostaglandin FzCr methyl ester/TMS ether using single ion 
monitoring of m/e  423 (Yl); a tetradeuterated analogue was 
used as the carrier and an unlabeled homologue acted as the 
internal standard for quantitation. 

The GC/MS technique with selected ion monitoring is now 
being used in a variety of biochemical studies on prostaglan- 
dins. Frolich et al. have measured PGA2 levels in human 
plasma from normal subjects before and after dietary sodium 
depletion in an investigation of the possible role of this pros- 
taglandin as a circulating hormone (Y5, Y6). PGE2 and PGF2, 

have been detected and quantitated by mass spectrometry in 
human female urine at  levels of 374 f 77 pg/ml and 386 f 78 
pg/ml respectively, and additional studies indicate their origin 
from intrarenal synthesis (Y7). The same prostaglandins have 
been identified in the incubation medium of whole-cell 
preparations of rat renal papilla (Y3) in a study of the stim- 
ulatory effect of angiotensin I1 on renal prostaglandin bio- 
synthesis. 

The association between increased prostaglandin produc- 
tion and hypercalcemia in neoplastic disease states has been 
described by Seyberth et  al. (Y27) by measuring the urinary 
excretion of 7a-hydroxy-5,11-diketotetranorprostane-1,16- 
dioicacid-themajorurinarymetaboliteof PGEl andPGE2- 
as an index of prostaglandin biosynthesis. Samuelsson and 
Green also measured prostaglandin metabolites as a means 
for monitoring E2 and Fz synthesis in humans (Y26); unlike 
the parent compounds, the 15-keto-13,14-dihydro-metabo- 
lites have not been reported to be formed in blood and thus 
permit analyses to be carried out on peripheral plasma. Levels 
of -50 pg/ml and -25 pg/ml were determined for the Fz me- 
tabolite in male and female plasma respectively, and -28 and 
-21 pg/ml were measured for the E2 metabolite. 

The relationship between endogenous prostaglandin syn- 
thesis and human pregnancy and parturition has been in- 
vestigated by mass spectrometric quantitation of the major 
urinary metabolite of PGFl and PFGz-5a,7a-dihydroxy- 
ll-keto-tetranorprostane-l,l6-dioic acid (YII), and of plasma 
levels of the 15-keto-13,14-dihydro-metabolite of PGFzo, (Y8). 
The latter metabolite and the parent prostaglandin have also 
been quantitated in biopsies of human endometrium before 
and after IUD insertion (Yg), and PGFz, and PGE2 have been 
quantitated in human endometrium during the normal 
menstrual cycle (Y4). 

A series of publications has appeared utilizing mass spec- 
trometric methods for structure identification and/or quan- 
titation of prostaglandin endoperoxides (Yl2-I5, Y29); the 
endoperoxides and related metabolites were formed from 
incubations of arachidonic acid and are implicated in the 
mode of action of prostaglandins on platelet aggregation. 

Further studies have been reported on the identification 
of prostaglandins in human seminal fluid using GC/MS 
techniques. The 19-hydroxy analogues of PGEl and PGE2 
have been reported by Taylor and Kelly (Y31) and by Jonsson 
et al. (Y18), and occur in significantly larger quantities than 
the corresponding analogues of A and B series; the presence 
of 19-hydroxy-F2, and -F1, has also been demonstrated (Y30) 
together with indications of isomeric analogues. GC/MS 
analyses were used to identify derivatives of a variety of uri- 
nary metabolites obtained from chronic intravenous infusion 
of tritium-labeled PGF2, in rats (Y28). 

Biomedicine and Clinical Chemistry. Mass spectrometry 
has continued its expansion in the field of the biomedical 
sciences, although it is still not routinely used in clinical lab- 
oratories. In research environments, the general approach 
encompasses studies of normal human biochemistry under- 
taken in parallel with studies of disease states, and is followed 
here. 

Interest in GC/MS techniques is evidenced by the 1973 
Montreal Workshop on the application of GC/MS to the in- 
vestigation of human disease (Z52), a one-day conference on 
GC/MS in laboratory medicine sponsored by the National 
Institute of General Medical Scier\.es (256), and a symposium 
on the identification of metabolites using GC/MS (215). 

Mass spectral data of compounds of endogenous physio- 
logical origin have been compiled by Markey, Urban, and 
Levine in collaboration with Committee VI of the American 
Society for Mass Spectrometry (254). Volume 1 contains an 
alphabetical index of compound names, an index for the most 
intense peak in each 14 mass units between m/e 15 and 168 
for compounds with molecular weights <168, and an index for 
the most intense peak in each 50 mass units between m/e 100 
to 650 for compounds with molecular weights >168. Volume 
2 (parts 1 and 2) contains plotted spectra and tabular listings 
in order of molecular weight, together with operational pa- 
rameters when known. The spectra are available in Alder- 
maston “D” format on magnetic tape. 

Lawson (244) has reviewed the scope of mass spectrometry 
in clinical chemistry and covers methodology and instru- 
mentation, structure identifications of physiological com- 
pounds (biogenic amines, thyroid hormones, amino acids, 
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peptides, carbohydrates, lipids, prostaglandins, steroids), 
inborn errors of metabolism, and clinical applications (vola- 
tiles in body fluids, respiration and blood gases, stable iso- 
topes, clinical toxicology, and drug studies). 

The principles and techniques of mass spectrometry, to- 
gether with spectral interpretation, have been summarized 
by Vollmin (283)  with reference to biomedical compounds, 
and the paper contains several spectra of representative 
compound classes. Eldjarn e t  al. (229)  have summarized the 
clinical applications of GC/MS encountered by the Oslo group, 
and the approach which has developed as the result of nearly 
a decade’s use of the technique for the study of metabolic 
disorders. A more recent development is the automatic rec- 
ognition of anomalous components in complex mixtures 
(237). Although applicable in theory to any complex mixture, 
the computer search has been evaluated in terms of identi- 
fying abnormal and potentially pathological metabolic pro- 
files-either the presence of an abnormal component or the 
absence of a “normal” metabolite-by comparison with a 
“normal” reference sample run under nominally identical 
conditions. The program utilizes some measure of chroma- 
tographic retention time (using a spectrum number window) 
but makes no attempt to structurally identify the anomalous 
spectrum. With refinements, this approach should permit 
faster evaluation of metabolic profiles obtained from screening 
of physiological fluids. 

The problem of rapid structure identification of compo- 
nents in mixtures of biological origin has been addressed by 
Sweeley et al. (281)  by criteria involving a gas chromato- 
graphic retention index (X70)  in conjunction with a limited 
but highly specific set of “discriminating” ions. A library file 
is compiled for each compound consisting of a retention index 
(which will be dependent on the liquid phase used), a primary 
differentiating ion, and a set of “confirming” ions; the selected 
ions are chosen not just to  be characteristic of the compound 
but also to attain maximum differentiation from other com- 
pounds having similar chromatographic properties. The sys- 
tem has been evaluated using urinary acidic metabolites, and 
the factors affecting the accuracy of peak identification are 
discussed. 

The utility of GC/HRMS, providing accurate mass mea- 
surements of all peaks in spectra obtained by repetitive 
scanning, has been assessed for the analysis of urinary organic 
acids ( 2 4 1 ~ )  and the use of specific elemental composition 
(accurate mass) chromatograms is illustrated (241 b ) .  

Lee and Millard (247)  have undertaken an evaluation of 
unlabeled vs. labeled internal standards for quantitative 
studies by single and multiple ion monitoring. For the deter- 
mination of methylated allobarbitone, they concluded that 
the most accurate and sensitive method involves the use of a 
labeled analogue as a carrier, together with an unlabeled 
standard which gives an ion in common with the compound 
being measured, thus permitting single ion monitoring. 

Mass spectra obtained by electron impact, chemical and 
field ionization, and field desorption techniques have been 
compared for a variety of biologically important compounds 
(231); spectra are presented for amino acids (leucine, iso- 
leucine, norleucine, creatine), steroids (tetraol and diol-dione 
of cholest-5-ene), triglycerides (tricaproin, trilaurin), drugs 
(talbutal, phenobarbital, mephobarbital, ephedrine), and 
pesticides (phosphamidon, temik, delnar) and are evaluated 
in terms of structure identification. It is important to note that 
for FI, FD, and CI where there may be very few ions in the 
spectrum, there is a particular problem with the identification 
of the molecular weights of unknown samples, since high mass 
ions may represent M or (M + H), or in CI spectra M, (M - 
H) or (M + R). The availability of all techniques is recom- 
mended for specific usage depending on the particular prob- 
lem (see subsections on FI, FD, and CI Techniques in Ion 
Chemistry section). 

The chemical ionization technique has also been reported 
for quaternary amines related to the neurotransmitter ace- 
tylcholine, and for ethidium bromide and its acetylated de- 
rivatives (mutagenic intercalating dyes); major ions in the 
spectra-obtained using isobutane as the reactant gas-cor- 
responded to known thermal decomposition products of these 
amines. The use of reagent gases (Nz, Ar, and He) containing 
2-15 mol % nitric oxide has been evaluated for the determi- 
nation of trimethylsilyl derivatives of biologically important 
compounds by chemical ionization (238). The spectra show 

enhanced intensity of molecular ions together with retention 
of the major fragment ions and some loss of intensity for low 
mass ions of limited structural value. 

The identification of metabolites in human body fluids has 
particular clinical relevance to the study of inherited meta- 
bolic disorders such as those associated with amino acid me- 
tabolism (272,274), and the role of clinical chemistry in the 
diagnosis of these problems has been discussed by Eldjarn e t  
al. (230)  and Chalmers and Lawson (218). 

Many metabolic disorders are characterized by abnor- 
malities in the urinary profiles of organic acids and further 
refinements in the analysis of these metabolites have been 
made. Various isolation methods for urinary acids have been 
evaluated in detail (282); anion exchange extraction with 
DEAE Sephadex proved to be more efficient and precise when 
compared with continuous solvent and manual solvent ex- 
tractions, a prerequisite for the quantitative study of me- 
tabolite levels in disease states. A methylation procedure has 
been described which prolongs stability of aromatic acid de- 
rivatives in solution during storage (233); the method involves 
conversion of the acids to their trimethylanilinium salts, and 
pyrolysis in the GC injection port generates methylated de- 
rivatives for GC/MS identification. 

The analysis of a-ketoacids as pertrimethylsilyl derivatives 
is difficult because of the formation of multiple components 
and limited structure information in their mass spectra; 
Lawson e t  al. (245)  have further studied the methyl-, ethyl-, 
and benzyl-oxime/trimethylsilyl ester derivatives for GC/MS 
analysis of these acids, and their mass spectra are discussed. 
The ethoxime/TMS derivatives have been used to quantitate 
a variety of urinary metabolites in studies of patients with 
6-methylcrotonylglycinuria, propionic acidemia, and meth- 
ylmalonic aciduria (217) ,  and in samples from 1778 men- 
tally-retarded patients and 420 controls (287). Similar in- 
vestigations on the urinary excretion of unconjugated aromatic 
acids by phenylketonuric patients have been reported (219). 

The value of high resolution glass capillary columns has 
again been emphasized (242) and little qualitative variations 
were found for the urinary acid profiles from control and 
postpartum subjects. GC/MS has also been used to study the 
urinary excretion of n-hexanedioic and n-octanedioic acids 
in patients with untreated juvenile diabetes mellitus (273) .  
Elevated levels of these acids in patients with ketonuria could 
be normalized by insulin therapy, whereas the excretion of 
3-methylhexanedioic acid (which is probably derived from 
branched fatty acids produced by intestinal microflora) was 
unaffected by the treatment. 

a-Methylacetoacetic, a-methyl-P-hydroxybutyric, ace- 
toacetic, and P-hydroxybutyric acids as well as tiglylglycine 
have been identified in urine from a patient with ketoacidosis 
(235); the analysis permitted further detailed clinical studies 
to be undertaken and a primary enzyme defect in isoleucine 
degradation was suspected. 

GC/MS and high resolution mass measurements have been 
used to provide a conclusive method to identify m -hydroxy- 
phenylhydracrylic acid in urinary extracts as the methyl ester 
or bis(trimethylsilyl)ether/methyl ester (227) .  The level of 
excretion of this acid has been noted to be highly variable and 
its recognition is therefore important in metabolic screening 
processes. 

Mass spectrometry provided confirmatory data in the gas 
chromatographic resolution of enantiomers of methylsuccinic 
acid isolated from human urine (289); the acid was derivatized 
as the S-( +)-2-butyl ester following TLC separation, and was 
identified as the R-(+)-isomer by comparison with an au- 
thentic sample. The enantiomeric composition of p-amino- 
isobutyric acid in human serum and urine has been deter- 
mined by formation of N-TFAIS-prolyl-dipeptides (280), and 
quantitated as the N-TFA/n -butyl ester. Urine samples 
contained the R-isomer (probably derived from the degra- 
dation of thymine), whereas serum samples contained pre- 
dominantly the S-isomer (80%) of unknown origin. 

The presence of 2-ethylhydracrylic acid in normal human 
urine and its elevated excretion after oral isoleucine admin- 
istration has prompted a mass spectral study of the deuterated 
acid and other metabolites excreted by rats following intra- 
peritoneal injection of deuterated 2-methylbutyric acid (253); 
the results provide evidence for an alternate minor catabolic 
pathway for isoleucine. 

Further studies on the volatile components of human urine 
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by GC/MS techniques have been reported for normal indi- 
viduals and for patients with diabetes mellitus (250).  Ab- 
normally high levels of low molecular weight alcohols and 
ketones were determined to be related to  the metabolic dis- 
orders in diabetic patients (249),  and mass chromatography 
was used for more specific detection of these compounds 
(248).  

Zlatkis et al. (290) have described a method for the analysis 
of volatile metabolites in human serum and plasma utilizing 
GC/MS for structure identification, and the volatiles in pooled 
normal blood plasma and of plasma obtained before and after 
hemodialysis have been studied (226).  The mass spectral 
measurement of gas tensions in blood and respiratory studies 
concerning lung physiology have been reviewed (243).  

Mrochek and Rainey (264) have described the use of GC 
and MS for the identification of trimethylsilyl derivatives of 
glucuronides isolated from human urine by high resolution 
liquid chromatography. The mass spectra obtained are eval- 
uated in terms of identification of glucuronide conjugation and 
the nature of the aglycon. 

Oligosaccharides containing mannose have also been 
characterized in the urine of patients with mannosidosis (a 
lysosomal storage disease) by GC and GC/MS methods (271); 
one trisaccharide was identified as a-D-mannopyranoside-( 1 - 3)-P-D-mannopyranoside-( 1 - 4)-2-acetamido-2-deoxy- 
D-glucose by mass spectral interpretation of the permethy- 
lated alditol derivative and comparison with an authentic 
sample (251). This com onent was present in all mannosid- 
osis urines (123-469 m g f  as quantitated by GC), but was not 
detected in normals or heterozygotes, allowing confirmation 
of enz matic diagnosis of mannosidosis. 

G C h S  methods for the analysis of steroids have continued 
to be investigated (see, e.g., 28, 29, 246, 255, 279, 284).  
Chemical ionization mass spectra have been reported for 
steroidal ketones (257)  and sterol esters (2651, and field de- 
sorption mass spectrometry was used in the analysis of es- 
triol-16a-glucuronide isolated from pregnancy urine ( 2 3 ) .  
Adlercreutz et al. have described a mass chromatographic 
method for steroid determinations in various biological fluids 
(22 )  and quantitatively determined 11 estrogens in body 
fluids of pregnant and nonpregnant subjects (24 ) .  Fraction- 
ation of pregnancy urinary steroids using Sephadex LH-20 
has been described prior to GC/MS investigations (210) and 
the quantitation of estriol in human pregnancy urine using 
a deuterated analogue as internal standard is reported (213).  
The quantitative measurement of urinary tetrahydroaldost- 
erone has been described (275),  and androstenetriolones and 
androstenetetrols have been characterized in the urine of in- 
fants by G U M S  (276).  

GC/MS analyses are also reported for determinations of 
serum cholesterol (212) ,  unconjugated neutral steroids in 
plasma ( 2 6 )  and tissues (25),  and plasma cortisol ( Z I I ) ,  
testosterone, progesterone, and androstenedione (223).  The 
quantitative determination of testosterone levels in human 
male plasma is being evaluated for measurements of the lower 
levels present in female plasma, and direct sample introduc- 
tion and mass chromatographic monitoring a t  a resolution of 
3000 is discussed for samples isolated by thin layer chroma- 
tography (220).  

Millington has described the measurement of endogenous 
steroids in biological extracts by monitoring a selected single 
ion at  high resolution (8 500-10 000) in gas chromatographic 
effluents (258); the method has been used in studies of steroid 
concentrations in human breast tumors (260)  and hyper- 
plastic prostate tissues (259).  

Other studies have been reported on GC/MS identifications 
of aromatized steroids produced by human placental micro- 
somes (214),  plasma bile acids in pregnant women with in- 
trahepatic cholestasis (27 ) ,  and bile acids and cholesterol in 
bile (262) .  

The mass spectral identification of biogenic amines and 
their metabolites has continued to receive attention and re- 
ports have appeared on the use of dansyl (228),  TMS (ZI), 
N-TFA/O-TMS (2251, and 0-ethyl ether (266)  derivatives. 
Chemical ionization mass spectrometry of gas chromato- 
graphic effluents has been utilized for analyses of choline and 
its esters (236)  and of a variety of amines and their metabo- 
lites found in cerebrospinal fluid (261).  Several publications 
have appeared on GC/MS studies of metabolites in normal 
human physiological fluids (240,267,277,278,288)  and in 

samples from Parkinson patients (268,269),  schizophrenics 
(221, 232), and subjects with hyperthyroidism, hypertension, 
neuroblastoma, and pheochromocytoma (285,286).  

The determination of amino-acetone and S-amino-levulinic 
acid in human serum and urine by GC and GC/MS has been 
described (234); the quantitation of these aminoketones in 
body fluids, utilizing trimethylsilylated pyrrole derivatives 
is of diagnostic importance in cases of lead intoxication and 
acute intermittent porphyria. The mass spectral identfication 
of indole-3-carboxylic acid in the urine of normal and patho- 
logical subjects is also reported (216).  

A low voltage (20 eV) mass chromatographic analysis of 
tryptophan metabolites in human cerebrospinal fluid has been 
described (222) using the pentafluoropropionyl derivatives. 
5-Hydroxytryptophol and 5-methoxytryptophol were iden- 
tified at concentration levels of 0.1-33 ng/ml and 0.3-13.9 
ng/ml, respectively; the considerably higher levels of 5-hy- 
droxyindoleacetic acid in CSF indicate that reductive me- 
tabolism of cerebral 5-hydroxytryptamine to tryptophols is 
a relatively minor pathway. A GC/MS method was used to 
identify dipeptides isolated from the urine of a patient suf- 
fering from dermatological purpura, the results indicating the 
possibility of a collagen abnormality (239).  

The determination of urinary l5N/I4N by mass spectrom- 
etry has been used to study the retention of nitrogen in growth 
hormone deficient children (224); the patients were admin- 
istered 15N-labeled glycine and treatments with human 
growth hormone and androgen (oxandrolone) were evaluated. 
The fragmentation patterns of biologically important por- 
phyrins isolated from urine and feces from porphyric humans 
have been discussed (263).  

Pharmacology. The use of mass spectrometry in the field 
of drug metabolism has been recently reviewed by Millard 
(B16, p 339); coverage includes low resolution studies on ref- 
erence compounds and metabolites, quantitative GC/MS and 
high resolution and chemical ionization mass spectrometry. 
Mass spectrometric techniques have been used to identify the 
metabolites of a variety of drugs administered to human 
subjects or patients. GC/MS with specific ion monitoring is 
the popular approach to obtain the sensitivity essential in 
analyses of biological fluids, and the use of deuterated an- 
alogues appears to be almost routine for quantitative work. 
GC/MS techniques have been reviewed by Fenselau (D19), 
with examples of pharmacological and toxicological applica- 
tions and the use of stable isotope analyses. 

Several reports have appeared on the use of chemical ion- 
ization mass spectrometry (see CI portion of Ion Chemistry 
section) for drug studies in humans. Using the direct insertion 
inlet and with isobutane as the reagent gas, quantitative 
plasma determinations using deuterium-labeled analogues 
were reported for the anti-arrhythmic agents quinidine and 
lidocaine administered to patients and volunteers (AA31); 
between 5 ng and 4 wg of lidocaine could be detected by this 
method, and time course profiles were measured for the two 
drugs as well as for dihydroquinidine (present in commercial 
sources of quinidine) and monoethylglycine-xylidide, a me- 
tabolite of lidocaine. The technique is rapid and specific, and 
permits measurement of several compounds simultaneously, 
although structural isomers of metabolites cannot be differ- 
entiated. 

Administration of a 50:50 mixture of specifically deuterated 
and unlabeled warfarin has been used to unambiguously de- 
tect mass spectral ions derived from the parent drug or its 
metabolites (AA69); a new metabolite, benzylic hydroxy- 
warfarin, was identified in rat liver microsomal preparations 
and in human urine from methane, isobutane, and ammonia 
chemical ionization spectra. Fenselau et al. have described a 
GC/CIMS method for the identification of an active metab- 
olite of the antitumor agent, cyclophosphamide, in blood 
plasma of patients under drug therapy (AA28). Although the 
metabolite, N,N- bis(2-chloroethyl)phosphorodiamidic acid, 
could be determined in urine samples by E1 mass chroma- 
tography, interference from other lipophilic material neces- 
sitated use of the CI technique for plasma extracts. 

The quantitation of the oral hypoglycemic agent phenfor- 
min has been achieved by GC/CIMS following trifluoroacetic 
anhydride cyclization to the corresponding diamino-S-triazine 
(AA56). Using a deuterated analogue as an internal standard, 
the plasma levelhime profile was obtained following oral ad- 
ministration of 100 mg of phenformin to a fasting diabetic 
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patient. Comparison with plasma glucose levels showed a 
decline in blood glucose during the rise of plasma phenformin 
levels; further investigation of this effect together with me- 
tabolite profiles is proposed. Plasma levels of another oral 
hypoglycemic agent, tolbutamide, and its metabolites have 
been monitored following intravenous administration to a 
diabetic patient using a similar CI technique (AA57).  Direct 
sample introduction of the methylated sulfonylureas produced 
comparable results to gas chromatographic introduction de- 
spite partial cleavage of these compounds with the latter inlet 
method. 

Urine concentrations as low as 5 ng/ml have been deter- 
mined for morphine standard using mass chromatography 
with a GC/CIMS instrument (AA18),  and 77 ng/ml were de- 
tected in the urine of a suspected drug user who had ingested 
a codeine-containing cough medicine. Codeine itself was found 
to be present in substantial amounts and is presumably the 
metabolic precursor of the detected morphine. High resolution 
and chemical ionization mass spectra have been used to 
identify normorphine and norcodeine as urinary metabolites 
of morphine after isolation by preparative thin layer chro- 
matography (AA8).  

Lin et al. have reported the measurement of phenacyclidine 
in blood and urine samples from intoxicated hospitalized 
patients (AA53); a concentration of 1 ng/ml of body fluid 
could be determined by GC/CIMS with selected ion moni- 
toring. 

The use of field ionization mass spectrometry has been 
described for the determination of methaqualone and 6- 
hydroxymethaqualone in human urine samples (AA58); a 
sensitivity limit of 200 pg/ml was reported by the use of 
standards multiply-labeled with deuterium. 

A series of publications by Homing et  al. has appeared de- 
scribing the use of a GC/MS/computer system for drug studies 
in humans. Carbon-13 or deuterium-labeled analogues of di- 
phenylhydantoin, phenobarbital, and Valium were used as 
internal reference compounds for quantitation of these drugs 
in human plasma (AA42); the GC/MS analyses used methane 
chemical ionization or selected ion monitoring techniques, the 
latter method allowing detection in the picogram to nanogram 
range. Evaluation of negative ion chemical ionization at  at- 
mospheric pressure showed a detection limit of 30-50 fem- 
tograms of a drug standard injected directly into the source. 
Similar analyses are reported for several anticonvulsant drugs 
used in epilepsy treatment (AA39) by monitoring levels from 
100-200 ml of plasma, 5-7 ml of urine, and 0.5-1.0 ml of breast 
milk. Time profiles can provide clinical information on pa- 
tients who still have seizures while under treatment, and on 
mother-infant transfer of phenobarbital through breast- 
feeding. The kinetic parameters of various drugs and their 
metabolites have been determined (AA41) and would be 
useful in determining the rate-limiting step in specific drug 
metabolic pathways; other publications discuss applications 
in toxicology and neonatal pharmacology (AA38, AA40, 
AA43).  

Many reports have appeared on structure identification and 
metabolic determinations in human physiological fluids by 
electron impact mass spectrometry; these include drug-types, 
such as antidepressants and hypnotics (AA4, AA13, AA85), 
barbiturates (AA32, AA33, AA35),  anticonvulsant/antiepi- 
leptics (AA52, AA55, AA63, AA70), antitumor agents (AA49, 
AA77), anesthetics (AA19, AA87), antibiotics (AA14, AA64), 
and analgesics (AA1, AA46), as well as cardiac glycosides 
(AA34),  hypertension drugs (AA37, AA89),  a narcotic an- 
tagonist (AA86),  and the antimalarial drug “Primaguine” 
(AA3).  

The rapid identification of drugs and their metabolites by 
mass spectral methods has led to a routine analytical system 
for physiological fluids of overdose victims described by 
Costello et al. (AA21). Gas chromatographic retention indices 
are used in parallel with mass spectra for added specificity and 
are particularly useful for differentiating compounds having 
similar fragmentation patterns. The computer-searchable 
library contains mass spectra of normal body-fluid compo- 
nents and common contaminants in addition to  drugs and 
their metabolites, and provides specific identifications in the 
absence of prior knowledge of compound class. 

Stillwell et al. (AA82) have described the quantitation of 
the contraceptive steroid noresthisterone in human plasma 
at  the nanogram level following oral administration of 1 mg 

of the drug. By monitoring concentrations a t  various times 
after administration, the rate of metabolism was found to  be 
relatively rapid but may vary because of differences in ad- 
sorption rates. A study of the dose response relationship of 
methyl phenidate used in treating h perkinetic children has 
been undertaken (AA60) using a G C h S  assay of the drug and 
its major metabolite, ritalinic acid, in blood and urine samples; 
concentrations of 10 ng/ml could be detected in subjects, and 
time-profiles of hyperactive children receiving daily medi- 
cation indicate that measurable steady-state levels of both 
compounds should be considered in future treatment studies. 
The thermal decomposition of methylphenidate in the gas 
chromatograph injection port has been investigated in view 
of inconsistencies in previously published mass spectra 
(AA29); derivatization with trifluoroacetic anhydride is rec- 
ommended for further studies. 

Oral administration of a mixture of unlabeled and 15N- 
labeled Mydocalm, a central-acting muscle relaxant, was used 
to determine serum levels by GC/MS using a deca-deuterated 
analogue as an internal standard (AA62).  

Stereoselective metabolism of RS-ibuprofen (2-[4-iso- 
butylphenyl]propionic acid) was demonstrated by Brooks and 
Gilbert (AA15) by gas chromatographic resolution of the 
corresponding diastereomeric amides formed with R-( +)- 
a-phenylethylamine; mass spectral data for the drug and 
identified urinary metabolites are reported. Ehrsson used 
GC/MS to identify the diastereomeric urinary metabolites of 
(&)-propranolol formed by conjugation with optically active 
P-D-glucuronic acid (AA24).  

The active compound in cannabis preparations, h9-te- 
trahydrocannabinol, has been determined in plasma by mass 
chromatography (AA73) and in saliva by mass spectral 
analysis of thin layer chromatographic fractions (AA50).  The 
specificity of mass chromatography has been used to unam- 
biguously quantitate ethanol in human blood and urine 
(AA66),  permitting rapid and reliable determinations of as 
little as 5 ng. Deuterated 4-methylpyrazol was used as an in- 
ternal standard for GC/MS quantitation of the drug in human 
serum (AA7); 4-methylpyrazol is of potential clinical interest 
as it causes partial inhibition of ethanol oxidation in man. 

Sullivan et al. have reported a mass chromatographic de- 
termination of methadone in human plasma with a sensitivity 
limit of about 16 pmol/ml (AA83); the method was used in a 
study of the pharmacokinetics in opiate-dependent subjects 
in which the maintenance does of methadone was replaced by 
an equivalent dose of ds-methadone. 

Free and conjugated methaqualone metabolites have been 
identified in urine, blood, and liver from three suicide cases 
(AA9) .  The sedative/hypnotic, glutethimide, has been re- 
sponsible for many cases of serious intoxication due to acute 
overdoses and an accurate gas chromatographic assay with 
mass spectral confirmations has been applied to plasma 
samples from patients and to postmortem tissues (AA36).  

In addition to drug identifications in humans, many papers 
have appeared on the mass spectral characterization (AA45, 
AA81) of reference standards and of metabolites isolated from 
animal studies; the utility of many of these investigations will 
no doubt be extended to human studies in the near future. 

Chemical ionization mass spectra have been reported for 
tolbutamide (AA51),  heroin preparations (AAI 7 ) ,  and mor- 
phine and tropane alkaloids (AA47).  Using methane as a re- 
agent gas and direct sample introduction with repetitive 
scanning, tolbutamide (an oral hypoglycemic agent) could be 
determined from the quasimolecular (M + 1) ion derived from 
the intact compound (AA17), and quantitative measurements 
using the dideuteriobutyl analogue as an internal standard 
were reported for rabbit plasma levels following intravenous 
administration. The direct identification of heroin and many 
common diluents in powders can be achieved without prior 
sample treatment by CI mass spectrometry with proton 
transfer from isobutane (AAI 7 ) ;  simple fragmentation pat- 
terns and, hence, fast interpretation provide a rapid screening 
or confirmatory method. 

The oral anticoagulant phenprocoumon (which is related 
to warfarin) has been investigated by thin layer chromatog- 
raphy, ultraviolet absorption, and mass spectral methods 
(AA68); isobutane chemical ionization spectra are summa- 
rized for all the possible aromatic monohydroxylated deriv- 
atives synthesized as potential metabolites, in addition to the 
parent drug. 
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Jardine and Fenselau have studied a variety of pharmaco- 
logically active alkaloids by chemical ionization using nitric 
oxide diluted with nitrogen (AA47).  In contrast to their iso- 
butane chemical ionization spectra, all these compounds in- 
cluding heroin and morphine gave spectra in which the base 
peak corresponded to molecular ions; a comparison of E1 and 
CI spectra using both nitric oxide in nitrogen and isobutane 
has been reported for constituents of an illicit heroin prepa- 
ration (AA48) .  

Nelson et  al. have reported the use of high resolution 
chemical and electron impact ionization mass spectrometry 
for the structural elucidation of medicinal carbamates (AA65); 
the techniques provide complementary information providing 
elemental compositions of base peak (M + H) ions from CI 
spectra, and detailed structural information from E1 fragment 
ions. CI studies have also been described for the antibiotics 
lincomycin and clindamycin, which are active against many 
gram-positive pathogens (A44) ,  and for penicillins and ce- 
phalosporins (AA61).  

The utility of field desorption mass spectrometry (see sec- 
tion on FI and FD) for the identification of drugs has received 
some attention. Schulten (AA79) has reported the FD spectra 
of the antitumor drug cyclophosphamide and some of its 
metabolites a t  low and high (>15 000) resolution. Molecular 
weight information and the fragmentations induced at  higher 
emitter heating currents are discussed; the availability of 
accurate mass measurements (errors -10 ppm) permits in- 
terpretation of spectra derived from mixtures using photo- 
graphic detection. 

Azathioprine, an immunosuppressive agent widely used in 
organ transplantation therapy, and its metabolites have been 
studied by electron impact and field desorption ionization 
methods at both low and high resolution (AA22).  One of the 
metabolites was isolated from rat urine following an oral dose 
of azathioprine and, after purification, gave a low resolution 
field desorption spectrum containing only intense M and (M + 1) ions. A similar comparison of FD and E1 spectra was 
undertaken for ten carbamates which act as skeletal muscle 
relaxants and weak tranquilizers (AA74).  Emylcamate did 
not produce a field desorption spectrum under various con- 
ditions and high volatility was suspected as the cause. Mo- 
lecular or quasimolecular ions were abundant except for 
bethanechol chloride which gave a spectrum characteristic of 
compounds containing the quaternary ammonium group; 
however, no general diagnostic fragmentation could be de- 
termined for the carbamate function in the FD spectra of these 
molecules. Rinehart et al. have described the applicability of 
the field desorption technique for molecular weight deter- 
minations of nonvolatile or thermally unstable antibiotics 
including complexes such as streptovaricin, filipin, and der- 
mostatin (AA72),  and a comparison of the FD and E1 spectra 
of rifamycins has been reported (AA90).  

Electron impact ionization spectra are reported for several 
drugs and their metabolites, including investigations on 
promazine and promazine sulfoxide metabolites of pheno- 
thiazines using synthetic deuterated derivatives (AA43),  al- 
iphatic amine N-oxides and parent amines with structural 
features related to several drugs (AA27),  aza-analogues of 
methaqualone (AA67), the vasodilating agent LS-121 (AA84), 
monoamine oxidase inhibitors (AA22),  and 1,d-benzodiaze- 
pines (AA71).  The identification of metabolites following 
administration of isotopically labeled drugs has been under- 
taken for I4C-labeled mescaline (AA80),  a deuterated ana- 
logue of the antitumor agent cyclophosphamide (AA20),  and 
deuterated digitoxigenin (AA26).  

The mass spectral fragmentations of mepirizole (an anal- 
gesic and antiinflammatory agent) have been studied using 
deuterated analogues, and applied to the structure elucidation 
of metabolites isolated from rat urine (AA78).  Accurate mass 
measurements were utilized in fragmentation studies of 
phenylbutazone (AA7,5), methylated tolbutamide derivatives 
by GC/MS (AA76),  primaclone, glutethimide, and pheno- 
barbital (AAIO), and medicinal pyrazolidinediones (A54) .  

Sample introduction via a gas chromatograph has been used 
in studies of trimethylsilyl derivatives of various medicinal 
barbiturates (AA25), in the determination of methaqualone, 
phendimetrazine, and phenmetrazine in samples of street 
drugs (AAI1 1, and for metabolites of the antitrichomonal drug 
l-methyl-5-nitro-2-(2’-pyrimidyl)imidazole (AA2) .  A rapid 
quantitative procedure for trifluoroacetylation prior to 

GC/MS analysis of amphetamines is described, allowing 
derivatization of the free amine as well as the salt (AA88). Two 
in vitro metabolites of 3,4-methylene-dioxyamphetamine, a 
common street drug, have been identified (AA59),  and the 
quantitative determination of piribedil by mass fragmen- 
tography with an internal standard is reported to detect 
concentrations of 10 ng/ml or 10 ng/gm in biological samples 
(AA26).  

The site of metabolic hydroxylation of cannabinoids can 
be determined by GC/MS of trimethylsilyl derivatives (AA6),  
and the determination of trazodone in rat plasma is described 
by a GC/MS method using benperidol as an internal standard 
(AA5) .  Using mass fragmentography to monitor two ions, a 
detectable limit of 200 pg of trazodone was achieved, and the 
pharmacokinetics in rat plasma following a single intravenous 
dose is described. 

Gal e t  al. (AA30) have investigated the N-hydroxylated 
metabolites of a potent psychotomimetic amphetamine de- 
rivative using rabbit liver microsomal preparations; GC/MS 
analyses of trifluoroacetyl derivatives were undertaken on the 
products obtained from incubations of l-(2,5-dimethoxy-4- 
methylphenyl)-2-aminopropane and a deuterated analogue, 
and quantitation of deuterated metabolites of the deuterated 
amine by selected ion monitoring utilized the nondeuterated 
analogue as an internal standard. 

APPLICATIONS IN ENVIRONMENTAL 
CHEMISTRY 

The study of organic compounds in the environment is a 
complex subject and encompasses the nature and fate of 
“natural” compounds as well as pollutants created by the 
activities of man. A recent volume in the “Specialist Periodical 
Reports” series summarizes many of the fields of research with 
particular emphasis on aquatic environments (AB29).  The 
chromatographic separations necessary prior to mass spec- 
trometric analysis have formed the subject of recent books by 
Fishbein (AB37) and Grob (AB50), and a general review on 
methodology for pesticide residue analysis has appeared 
(AB1 02) .  

The significant role of mass spectrometry in the field of 
pesticide chemistry is exemplified in the book edited by 
Haque and Biros (AB52),  which compiles the symposium 
papers presented during the 165th ACS National Meeting in 
April 1973. Coverage includes the E1 and CI mass spectra of 
metabolites of DDT-type pesticides, the positive and negative 
chemical ionization spectra of polychlorinated pesticides, ion 
kinetic energy spectra of isomeric chlorophenols, determi- 
nation of metastable transitions in pesticide mass spectra, and 
the identification of organophosphate insecticides, nitroani- 
line-derived herbicides and insecticide photoproducts. 

Several general papers have appeared emphasizing the 
utility of mass spectral methods (AB16, AB1 7, AB35, AB83) 
and associated computer techniques (AB2, AB55, AB62) for 
environmental studies. Oswald et  al. (AB88) have published 
a detailed review containing over 300 references on the use of 
GC/MS with electron impact and chemical ionization in the 
study of environmental health problems, and cover the 
characterization of natural product agents (hydrocarbons, 
essential oils, etc.), as well as man-made chemicals such as 
chlorinated hydrocarbons and plasticizers. A recent review 
by Alford (AB1 ) cites nearly 400 references covering the pe- 
riod 1969-1974 with emphasis on the types of pollutants 
identified in environmental samples by organic and spark 
source mass spectrometry. The majority of reports on mass 
spectral investigations of trace organic species in air and water 
utilize GC/MS combination methods and, in general, new 
techniques specific to these studies are primarily concerned 
with sample preconcentration and introduction into the gas 
chromatograph; current methodology in this area has recently 
been reviewed in detail (AB20). Sampling considerations have 
been discussed by Bertsch et al. (AB8) who utilized capillary 
column GC/MS for the study of volatiles in industrial and 
urban environments; approximately 100 components have 
been identified in the air samples, mainly normal and 
branched alkanes and alkylated benzenes. 

A portable quadrupole mass spectrometer/computer system 
has been developed for monitoring organic vapors (AB33); the 
instrument incorporates an inlet system comprised of two 
Llewellyn silicone membrane 3-stage separators providing a 

ANALYTICAL CHEMISTRY, VOL. 48, NO. 5, APRIL 1976 389R 



sample enrichment of about lo6. Hollow fiber probes have 
been described for high sensitivity analyses of trace volatile 
contaminants in aqueous solution and in air (C65). Perry and 
Twibell (AB92) have measured benzene and other hydro- 
carbons in London street air using a timed elution procedure 
which eliminated interference from cryogenically-condensed 
water vapor and the use of solvents. Using background sub- 
traction and a 14-amu library search routine, quantities down 
to about 20 ng could be identified, which corresponded to a 
concentration of -110 pg benzene/m3 street air for a 9-1. 
sample. An additional (preparative) gas chromatograph was 
used bv Tvson and Carle for the seDaration of water from 
cryogeGicaily collected air samples pAor to the analytical GC 
and MS (AB117). 

Bereert et al. (AB6) have reDorted the identification of 20 
compckents in air samples in Prankfurt am Main using glass 
capillary GC/MS; the compounds included acetone, C5-Cll 
n-alkanes, monoaromatic hydrocarbons, and chlorinated 
derivatives of methane, ethylene, and benzene. A similar 
analysis of room air (AB4)  identified methanol, acetone, di- 
ethylether, methyl acetate, chloro-ethylenes, hexane, and 
monoaromatic hydrocarbons. 

Several papers describe the detection of chlorinated species 
in air, also by GUMS methods. A detection limit of less than 

ppb has been reported for bis(chloromethy1)ether in a 
1-1. air sample using single ion monitoring; with multiple ion 
monitoring for increased specificity, threshold limits of 1 and 
10 ppb were estimated for bis(chloromethy1)ether and di- 
methylsulfate, respectively. Levels of 0.1 ppb and 0.01 ppb 
(v/v) have been reported by Evans et al. for bis(ch1orometh- 
y1)ether in 1- and 10-1. air samples, respectively (AB34). This 
method uses monitoring of the GC effluent a t  a mass resolu- 
tion of 3800 (C2H40ClC = m/e 78.9950) and thus provides a 
significant increase in compound specificity; the relative ef- 
fects of static and dynamic monitoring are discussed. 
Grimsrud and Rasmussen used direct GC/MS coupling to- 
gether with high-speed pumping and single ion monitoring 
for the quantitative analysis of CFCl3 and CFzClz in rural air 
samples collected in Washington State (AB48); the detection 
limit was estimated to be about 5 ppt (5 X v/v) or about 
0.5 pg/20 cm3. The method was extended to several specific 
atmospheric halocarbons (AB49) including methyl chloride 
which was found in relatively large concentrations (530 f 30 
ppt) in the same area. 

Schultz et al. (AB109) have published a detailed investi- 
gation of the organic material in airborne particulate matter 
in samples collected near power stations and major airports, 
and in urban areas; the results were compared with data ob- 
tained from possible pollution sources (jet engine exhausts, 
jet and diesel fuels, and a condensate from the effluent of a 
coal-combustor). These studies utilized direct sample va- 
porization and accurate mass measurement a t  a resolution of 
12 000, and permitted evaluation of carbon number distri- 
bution and of C:H ratios (which distinguished aliphatic and 
aromatic components) for each sample. 

Diesel exhaust particulates have also been studied using 
capillary column GC/MS subsequent to column chromato- 
graphic fractionation of organic extracts (AB72), and alkanes, 
polycyclic aromatic hydrocarbons, and phenolic components 
were identified. Boyer and Laitinen investigated the ether 
extracts of automobile exhaust particulates by GC/MS of 
column chromatographic fractions (AB15) using mass chro- 
matograms to locate components of interest in the resulting 
complex mixtures; the effects of UV irradiation and lead ha- 
lides on the organic material associated with particulates were 
evaluated. High resolution mass spectrometry a t  low ionizing 
voltage is reported for the detection of polycyclic aromatic 
hydrocarbons in dust samples collected from cities and near 
highways (AB56), and a method for the determination of 
polycyclic quinones in particulates utilized UV, luminescence, 
and mass spectral analyses (AB93). Gas chromatographic 
fractionation followed by rechromatography on a capillary 
column GC/MS system was used to identify polar and non- 
polar constituents of fresh tobacco smoke including aldehydes, 
ketones, and nitriles (ABIO). 

Qualitative and quantitative information on atmospheric 
aerosols has been obtained by computer-controlled mass 
spectrometry a t  a resolution of 10 000 (AB107); the method 
utilized a compound reference library based on accurate 
masses and relative intensities of the molecular ion and three 

additional ions, together with chromatographic retention 
times relative to standards. Components discussed include 
inorganic oxides and sulfates, inorganic and organic halides 
and nitrates, alkyl-benzenes and -phenols, and polycyclic 
aromatics. 

Additional studies in this area include GCIMS analysis of 
volatile organics in the cabin atmosphere of Skylab 4 (AB9)  
and the effect of organic vapors on the clustering of 
H30+(H20), ions in the troposphere (AB64). The analysis 
of aerosols produced by the ozonolysis of 1-butene has been 
investigated with high resolution field desorption mass 
spectrometry (ABI08; see also FD portion of Ion Chemistry 
section) and reported data include an evaluation of mass 
measurement accuracy as a function of mass ( m / e  30-220), 
using a field ionization spectrum of perfluorotributylamine 
as a reference. 

The mass spectrometric identification of organic species 
in water samples has received increasing attention in recent 
years. Many of the procedures used may be found in series of 
research reports from the Office of Research and Development 
of the US. Environmental Protection Agency, and include the 
evaluation of resins, foams, and solvent extraction for isolating 
organic water pollutants (AB1 19), and recommended proce- 
dures for the application of GC/MS to wastewater analyses 
(AB120). 

Harris et al. (AB53) have explored the use of direct aqueous 
injection for GC/MS analyses using a quadrupole mass spec- 
trometer; the effects of relatively large pressures of water 
vapor were evaluated with respect to system performance and 
the electron impact fragmentation patterns. The detection 
limit under scanning conditions (-1 mgfl.) is compatible with 
the concentrations of organics found in domestic sewage and 
wastewater effluents, but monitoring of selected ions allowed 
concentrations of the order of 100 ppb to be detected for 
analyses of clean surface waters and drinking water. 

The use of chemical ionization mass spectrometry (see CI 
portion of Ion Chemistry section) has been reported by Price 
et al. (AB94), with direct injection of dilute aqueous solutions 
(15-30 pl) into a heated 1-1. batch inlet system. The water 
provided the reagent gas, the principal reactant ions being 
H30+(H20), ( n  = 0-5), and the spectra obtained for aniline, 
valeronitrile, acetone, and diethyl ether were evaluated. 

Concentration of aqueous samples by gas phase stripping 
prior to glass capillary G U M S  has been described for the 
determination of volatile organics in aqueous solution (AB6, 
AB7); the latter paper evaluates TENAX GC for absorption 
prior to separation and analysis, and reports components 
identified in city drinking waters and natural river water. 

Several papers have appeared on the use of mass spec- 
trometry for the investigation of organic constituents in 
drinking waters, and a bank of mass spectral data has been 
initiated in tabular form (AB69). Scheiman et al. found ali- 
phatic and aromatic hydrocarbons, chlorocarbons, alcohols, 
ketones, and bromine-containing compounds in the water 
supply of the District of Columbia (ABI05) following solvent 
extraction of 1-gallon samples. 

Several halocarbons were identified in New Orleans 
drinking water (AB27) and, in the same study, carbon tetra- 
chloride, tetrachloroethylene, and isomers of dichlorobenzene 
were found to be present in blood plasma obtained from local 
residents. Additional investigations have been reported on the 
analysis of aromatic and halogenated aliphatic hydrocarbons 
in the original water source and a t  various stages of a water 
treatment process (AB26). Mass spectral identification was 
utilized in a study of the formation of haloforms-apparently 
by the haloform reaction-during chlorination of natural 
waters (AB99) and in the determination of an odorous com- 
pound (geosmin) in the raw water of public water supplies 
(AB  76). 

A comprehensive report on the organic content of finished 
drinking waters from thirteen U.S. cities has been compiled 
by Keith et al. (AB75) and contains details of methodology 
including GC/MS with packed and lass capillary columns, 
methane-CI mass spectrometry of 8 C  effluents, and some 
high resolution mass measurements. Samples were obtained 
by carbon filtration followed by clooroform extraction and 
concentration so that 1 pl of the final extract corresponded 
to 1 1. of water; a total of 109 different compounds were iden- 
tified in the extracts including pesticides, herbicides, aliphatic 
and aromatic hydrocarbons, halogenated aliphatics, chlori- 
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nated aromatics, and plasticizers. 
A variety of organic compounds (aliphatic and aromatic 

hydrocarbons, fatt acids, phthalates, and sterols) have been 
identified by G C h S  in water samples from the polluted 
Tamagawa River in Japan (AB66, AB85). The contamination 
of water with plasticizers and other polymer additives derived 
from various synthetic polymer tubes has also been reported 
(AB70).  

Several studies have been undertaken on the organic com- 
ponents of municipal and industrial wastewaters such as 
sewage plant effluents (AB94) and pulp mill discharges 
(AB63).  Keith (AB74) has reported the characterization of 
wastewaters discharged into the Calcasieu River, Louisiana, 
from petrochemical, petrorefinery, synthetic rubber, and 
chemical plants; the investigation revealed the discharge of 
chemicals not previously listed by the manufacturers. 

Glass capillary GC/HRMS (see section on GC/MS/on-line 
computer techniques) has been utilized in studies of complex 
mixtures derived from secondary effluents of a sewage treat- 
ment plant (ABI9)  and from various stages throughout the 
water treatment scheme of a petroleum refinery (ABI8) .  The 
use of elemental composition (accurate mass) chromatograms 
enabled specific components to be located and identified even 
though the complexity of the mixtures precluded recognition 
from GC profiles or total ionization chromatograms. The 
identification of saturated fatty acids, n-alkanes, alkylben- 
zenes, and higher aromatic hydrocarbons has been reported 
in ether extracts of secondary effluents by GC/MS (AB82), 
and a study of the effects of chlorination on the organic com- 
ponents of secondary municipal wastewater effluents utilized 
GC/MS methods (AB46, AB47). 

Several publications have appeared on the identification 
of polycyclic aromatic hydrocarbons in environmental samples 
by mass spectrometric methods. Giger and Blumer have de- 
scribed an isolation procedure (gel filtration, adsorption 
chromatography, and charge transfer complexation) which 
provided concentrates of various aromatic ring-types which 
were analyzed by UV and mass spectrometry using pro- 
grammed temperature probe distillation and 12-eV electron 
beam energy (AB44).  Volatility profiles and ion series plots 
contributed to the characterization of the complex mixtures 
obtained from soils and sediments (ABI1) .  GC/MS has been 
used for the identification of these hydrocarbons in industrial 
effluents, coke oven emissions, coal tar, and airborne partic- 
ulates (AB78), and quantitation was achieved by computer- 
ized gas chromatography using fluoranthene as the internal 
standard. 

Giger et al. have characterized polycyclic aromatic hydro- 
carbons in samples of domestic sewage, diesel fuel, and an 
oil-contaminated recent sediment (AB45), and have investi- 
gated the effect of aqueous chlorination on the aromatic 
fraction of diesel fuel (AB97). The latter study utilized a glass 
capillary column coupled directly to the mass spectrometer 
ion source via platinum capillary tubing, and the resulting 
mass chromatograms were processed by specific additions and 
subtractions to provide a selective method for searching for 
mono- and dichlorinated species. 

The analysis of chlorinated organics in environmental 
samples is of considerable interest in view of the known or 
potential toxicity of numerous manmade pollutants of this 
type, and their persistence and accumulation in biological 
organisms. In addition to the numerous identifications of these 
compounds and their metabolites and photodecomposition 
products by mass spectral-generally GC/MS-methods 
(ABI,  B20), several publications have appeared which em- 
phasize new or unusual techniques. Dzidic et al. used chemical 
ionization a t  atmospheric pressure in a study of the negative 
ions formed from chlorinated aromatic compounds (AB28); 
nitrogen (containing -0.5 ppm oxygen) or air were used as 
carrier gases, and the temperature and pressure conditions 
simulated those of an electron capture GC detector. The for- 
mation of phenoxide ions by ion-molecule reactions involving 
oxygen was investigated, and the detection of 150 ferntograms 
of 2,4,5,6-pentachlorobiphenyl was achieved by monitoring 
the tetrachlorophenoxide ion at  m/e 307. As the sensitivity 
of this technique is comparable to that of electron capture 
detection, and the structural specificity much greater, its use 
in the trace detection and quantitation of chloroaromatics is 
recommended. 

GC/MS with electron impact and chemical ionization has 

been described for the differentiation and characterization 
of isomeric polychlorinated biphenyls (PCB’s) (AB89).  A 
comparison of the E1 spectra of model compounds was un- 
dertaken and the relative abundance of (M - Cl)+ ions was 
found to be of value in the differentiation of isomers of di-, 
hexa-, and hepta-chlorinated PCB’s using “limited range” 
mass chromatograms. Eichelberger et al. (AB32),  report a 
“subset data acquisition” technique for PCB analyses using 
a computer-controlled quadrupole mass spectrometer coupled 
to a gas chromatograph for monitoring ions characteristic of 
mono- to  hexa-chlorobiphenyls. High resolution mass spec- 
trometry with photoplate detection has been utilized for 
screening PCB metabolites in rabbit and goat urines (AB65). 

The chromatographic and biological aspects of DDT 
[l,l,l-trichloro-2,2-bis(p-chlorophenyl)ethane] have been 
reviewed by Fishbein (AB36). Dougherty et  al. have investi- 
gated CI mass spectrometry for the direct analysis of this class 
of pesticides (AB25); both positive and negative ion CI spectra 
were recorded using isobutane as the reagent gas, the former 
spectra showing high intensity ions (often the base peak) 
corresponding to (M - Cl)+, whereas the negative ion spectra 
were characterized by intense (M + C1)- anions. 

The analysis of polychlorinated dibenzofurans and di- 
benzo-p -dioxins by mass spectral methods has received sig- 
nificant attention. Safe et al. recorded both the ion kinetic 
energy and mass spectra of several chlorinated dibenzo-p- 
dioxins in a study of the decomposition pathways induced by 
electron impact ionization (ABI03) .  The IKE technique 
yielded distinctive spectra for all the isomers studied and, 
despite present sensitivity limitations, may prove to be an 
additional analytical tool. A time-averaged high resolution 
mass spectrometric technique has been described by Baugh- 
man and Meselson for the detection of tetrachlorodibenzo- 
p-dioxin at  the picogram level (AB5);  rapid scanning over a 
very limited mass range was achieved by deflecting the beam 
over the detector slit with a small additional magnetic field. 
The method was evaluated in terms of possible interference 
from other chloroorganics, and the size and nature of the total 
sample to  be analyzed. In connection with a proposed phar- 
macokinetic study of 2,3,7,8-tetrachlorodibenzo-p-dioxin 
using isotopically-labeled standards and dual ion monitoring, 
Reynolds and Delongchamp have calculated the theoretical 
isotopic abundances and optimum dwell times for the analysis 
of this compound by negative ion CI a t  atmospheric pressure 
(AB98). 

The use of CI mass spectrometry has been evaluated for 
organophosphorus (AB60) and N-methylcarbamate insecti- 
cides and their metabolites (AB59), and the effect of chemical 
structure on the fragmentation patterns obtained using 
methane or perdeuteriomethane reagent gases is discussed. 
Methane CI mass spectra obtained from gas chromatographic 
effluents were used in a study of toxaphene, an insecticide 
produced by the catalytic and photolytic chlorination of 
camphene (AB61 1. This method revealed a complex mixture 
containing more than 177 polychlorinated Cl0 components. 

The identification of the volatilizable and/or solvent-ex- 
tractable components in polymers is of interest not only be- 
cause of environmental considerations, but also because these 
components may occur in mixtures due to improper sample 
handling and storage. Sigmond has reported a mass spectro- 
metric method for the volatile substances in elastomers and 
plastics intended for high vacuum use (ABIII). Samples were 
introduced directly into the ion source and low or high 
(-10 000) resolution mass spectra were obtained during vol- 
atilization. Much of the data is presented as low resolution 
“mass integrated” spectra in which the ordinate a t  a specific 
m/e value, Mi, represents the integrated ion current due to all 
ions >Mi; single prominent masses appear as steps in the re- 
sulting profile. Materials tested included Araldite, nylon, 
polyethylenes, polyimide (Vespel), polypropylenes, Teflon, 
neoprene, silicone rubbers, and Viton. 

The use of plasma chromatography and mass spectrometry 
has been described for the identification of isomeric phthalic 
acids which, along with derivatives, are used as plasticizers 
in polymeric packaging materials (AB71); the paper presents 
some positive and negative ion E1 spectra and methane CI 
spectra, and these methods for the differentiation of isomers 
are compared. The plastcizer di-(2-ethylhexyl)phthalate was 
identified by G U M S  in the condensate obtained by pyrolysis 
of a polyvinyl chloride meat wrapping film (AB67), and mass 
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chromatographic methods for the analysis of vinyl chloride 
in foods have been reported (ABI00, AB121). A quinone 
product obtained from the autoxidation (two years a t  room 
temperature) of the antioxidant 2,6-di(tert- butyl)-4-meth- 
ylphenol in a commercial polyethylene film has been identified 
(AB22), and GC/MS was used in a study of the impurities in 
4,4’-dichlorodiphenyl sulfone, a reagent in the manufacturing 
of polysulfone thermoplastics (AB43). 

The identification of polycyclic aromatic hydrocarbons in 
environmental samples (see above) is directly related to many 
of the studies undertaken by organic geochemists and petro- 
leum chemists. Many of the current topics of interest in these 
fields-which often utilize mass spectrometric analyses-may 
be found in the proceedings of the International Meetings on 
Organic Geochemistry, held in France in September 1973 
(AB115) and in Madrid in September 1975 (AB87). 

The overlap between pollution studies and organic geo- 
chemistry has been pointed out by Eglinton et al. (AB31): 
“certain alkanes, cycloalkanes, and aromatic hydrocarbons 
may enter the environment naturally by way of oil seeps and 
erosion of sedimentary deposits, by contemporary biosyn- 
thesis, or as the result of industrial processes. The same 
compound can have multiple origins.” This publication dis- 
cusses the recognition of organic pollutants in aquatic sedi- 
ments and describes the utilization of computerized GC/MS 
methods to identify phthalate esters, polycycylic aromatic 
hydrocarbons, and partially degraded crude oil in an estuarine 
sediment. Mass spectrometric analyses of polycyclic aromatic 
hydrocarbons in soils and recent marine sediments have been 
reported (ABl1,  AB44, AB122) and the nature and distribu- 
tion of alkanes a t  the air-sea interface from off-shore Loui- 
siana and Florida have been described (AB80). Other mass 
spectral studies relating to marine pollution include the use 
of field ionization mass spectrometry for fingerprinting 
mineral oils (AB68, p 229), GC/MS analyses of No. 2 fuel oil 
added to pre-extracted estuarine water (AB68, p 149), and the 
hydrocarbon composition of extracts of lake and coastal 
sediments (AB68, p 217). 

The occurrence of tetra- and pentacyclic hydrocarbons 
(steranes and triterpanes derived from biologically-occurring 
triterpenoids) in oil shales and kerogen has been studied by 
GC/MS methods. Kimble et al. have evaluated the mass 

progress made in the structural elucidation of carboxylic acids 
in petroleum and sediments has been reviewed by Seifert 
(AB110). Cranwell used GC/MS to identify branched and 
cyclic monocarboxylic acid methyl esters isolated from lake 
sediments and discussed the value of this compound class in 
the assessment of paleoenvironmental trophic levels (AB21). 
Capillary column GC/MS was used by Boon et al. in a study 
of the monocarboxylic fatty acids (AB13) and hydroxy acids 
(AB12) isolated from sediments consisting of diatomaceous 
microfossils, and phytenic acids have been identified in the 
same sediments and in the detritus of an unpolluted lake 
(AB14). A variety of polar components isolated from Green 
River Formation oil shale have been characterized by IR, 
NMR, and mass spectrometric techniques (AB3);  the com- 
pound types reported include cyclohexanols, isoprenoid ke- 
tones, tetralones and indanones, tetrahydroquinolines, 
quinolines, alkoxypyrrolines, and maleimides. The relative 
abundances of homologous petroporphyrins have been mea- 
sured by mass spectrometry in samples of crude oils and their 
presumed source rocks (AB24), and a detailed structural 
characterization of crude oil petroporphyrins utilized GC/MS 
identification of maleimides derived by controlled oxidative 
degradation (AB23). 

A new calibration matrix has been reported for the com- 
positional analysis of coal liquefaction products by low reso- 
lution mass spectrometry (AB113); the method differs from 
those used for petroleum and utilizes the fact that coal liquids 
contain relatively short series of homologues of aromatic hy- 
drocarbons. Hamming et al. have analyzed the volatiles from 
fresh coal surfaces by high resolution mass spectrometry using 
photoplate detection (AB51), and the organic components in 
bituminous coals from East Greenland have been studied by 
GC/MS (AB90). 

The characterization of the chemical structure of humic 
substances also utilizes mass spectrometric methods for the 
identification of products derived from degradative experi- 
ments. Schnitzer and Skinner studied the products obtained 
from a humic and a fulvic acid following relatively mild oxi- 
dation with peracetic acid (AB106), and used mass chroma- 
tographic data for the identification of the major products 
from the hydrolysis of fulvic acid (AB112). 

Mass spectrometry was used to study the conversion of 
spectrometric and high resolution gas chromatographic be- 
havior of a variety of structural twes  of authentic steranes and 

triphenyiamine to -N,N,N’,N’- tetraphenylbenzidine by 
comdex formation with the clav mineral montmorillonite 

triterpanes (AB77) and have idLitified many such compounds 
in an Eocene oil shale (AB78, AB118). Two triterpanes, 
shionane and friedelane, were included in a study of the 
characteristic fragmentation patterns of their derivatives by 
high resolution mass spectrometry (AB58). The pyrolytic 
release of steranes and terpanes from Green River Formation 
oil shale kerogen has been reported (AB41), and identifica- 
tions were made by pyrolysis/GC/MS and by GCIMS of 
fractions of pyrolysate obtained by column chromatography. 
Rearranged sterenes (monounsaturated steranes) have been 
identified in an 180-million-year-old clay-rich sediment of 
marine origin (ABIOI),  and mass chromatography of tri- 
methylsilyl derivatives was used to study stanols in lake 
sediment cores (AB86). 

Hertz et al. have reported a GC/MS method for the analysis 
of volatile hydrocarbons a t  the ppb level (AB57); the proce- 
dure involves dynamic headspace sampling and was utilized 
in studies of intertidal zone sediments from the Northeastern 
Gulf of Alaska. 

The analysis of petroleum and crude oils by mass spec- 
trometry has continued to receive attention. Lumpkin et al. 
have described the use of dynamic scanning a t  a resolution of 
>70 000 for the study of sulfur-containing petroleum fractions 
(AB81). Mass chromatographic data were used to identify 
components of a pyrolysis naphtha separated by capillary 
column gas chromatography (AB42),  and the technique was 
extended for the detection of sulfur-containing compounds 
by monitoring the CHS+ ion a t  a resolution of -2000 (AB40). 
Fisher and Fischer have described the quantitative analysis 
of petroleum streams by obtaining accurate mass measure- 
ments from slow scanning at 10 000 resolution (AB38, AB39), 
and a method for the high pressure sampling and mass spec- 
trometric analysis of gasoline streams is reported (AB96). 

In addition to hydrocarbons, studies on oxygen- and ni- 
trogen-containing compounds have been undertaken. The 

(ABi16) ,  and the formation of a h n e  is reported following 
pyrolysis of a diprotonated 4,4’-diaminostilbene/montmoril- 
lonite intercalate (AB114). Mass spectral data are reported 
for trimethylsilyloxy derivatives obtained by hydrochloric acid 
treatment of the silicate mineral natrolite (AB30), and for the 
products derived from the acid clay catalyzed dimerization 
of fatty acids (AB84). 

Pereira et al. determined the concentrations of eight protein 
amino acids in aqueous extracts of the Murchison meteorite 
by mass chromatography with deuterated internal standards 
(AB91).  Extraction with deuterium oxide resulted in some 
deuterium exchange in existing C-H bonds, rather than C-D 
synthesis during extraction; some degree of racemization of 
the amino acids was indicated in the process of deuterium 
incorporation from deuterium oxide. 
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Statistical and Mathematical Methods in Analytical Chemistry 

P. S. Shoenfeld and J. R. DeVoe‘ 

National Bureau of Standards, Washington, D.C. 20234 

Significant changes have occurred since the last review on 
this topic ( C 1 ) .  This is probably due to the fact that the con- 
venient use of the computer in the analytical laboratory a t  
reasonable cost has opened the possibility for using complex 
numerical data processing routines. However, it is apparent 
that even though many analytical chemists have access to such 
facilities, we are only a t  the threshold of realizing the impor- 
tance of statistical and mathematical techniques that have 
been reasonably well understood in the field of applied 
mathematics for decades. This can he partially understood 
because many of the concepts that are important to our field 
require significant study before their importance can be fully 
realized. Moreover, with the myriad of statistical and math- 
ematical techniques available to the analytical chemist, it 
requires careful study to select that  technique which will 
provide the most accurate result from the analytical data. 

This review covers the period October 1971 to January 1976 
and is rather limited in its scope. The coverage is almost ex- 
clusively that which is written in English. In view of the lit- 
erature explosion, the use of computer searching was consid- 
ered mandatory (see Table I for list of key words). The effi- 
ciency of such a search is essentially unknown, and although 
the application of pattern recognition techniques (many as- 
pects of which will be described in this review) to the field of 
literature searching is not analytical chemistry, it proves to 
be a very important part, since duplication of research effort 
is always to be avoided. 

In view of the relatively all-inclusive and broad coverage 
given by the authors of this last review, this review will focus 
on only those subjects which have experienced a considerable 
increase in activity in addition to one or two subjects which 

the authors consider to be promising for the future. Con- 
trasted to the previous coverage only those applications which 
have a direct and demonstrated application to analytical 
chemistry will be presented here. Table Ib lists the most im- 
portant journals that were scanned (a majority of papers came 
from the journal, Anal. Chem.) .  

Attempts to classify the applications of statistical and nu- 
merical methods to analytical chemistry resulted in much 
frustration caused to a significant extent by the nonuniformity 
of nomenclature, but also from a lack of fundamental under- 
standing (in our opinion) of the basic principles that underlie 
such apparently diverse applications as pattern recognition, 
correlation techniques, curve fitting, optimization procedures, 
etc. From one standpoint it might be considered that pattern 
recognition is the all-inclusive term for the understanding of 
all data produced in analytical chemistry because those who 
use the quantitative results from a chemical analysis draw a 
conclusion from them based upon a “determined” (which may 
not be rigorously based) phenomenological effect correlating 
with the analytical data. As a hypothetical example, suppose 
the presence of an infrared absorption in C, H, N, 0, S com- 
pounds a t  623.01 cm-I always identifies a cancer-producing 
material. Such a general term has recently been superseded 
by that called “chemometrics” (K1 ), which presumably will 
be the title of the next review in this journal. 

Of course, the basic purpose of providing quantitative an- 
alytical data on the (for example) composition of a material 
is to relate some desired property of the material to its com- 
position. One has variables of composition which interact in 
complex physicochemical ways in accordance with some 
specific functional mathematical form which is often unknown 
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