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High-Resolution Mass Spectrometry

Flemental composition and structural parts of a
molecule are indicated from a submicrogram sample.

The mass spectrometer yields a “line
spectrum,” in contrast to the over-
lapping band spectra from many other
types of spectrometers. This makes the
mass spectrum extremely useful for pur-
poses of analysis. For example, molec-
ular ion signals from ethane (C.Hg),
mass 30, and methyl amine (CH3;NH,),
mass 31, are completely separated. This
advantage is markedly increased in
spectra from high-resolution mass spec-
trometers, which have recently become
commercially available, The high-reso-
lution instrument can even distinguish
between molecules such as ethane and
formaldehyde (CH,O), although the
latter also has a nominal molecular
weight of 30. The molecular ions of
C,Hg and CH,O are isobaric—of the
same nominal mass, but of different
elemental compositions. Monoisotopic
atomic weights related to an atomic
weight of carbon of 12.00000 are not
exact whole numbers (see Table 1);
thus, the masses of CoHgt and CH,O+
are at 30.0469 and 30.0105, respective-
ly, and the mass of CH,N+, an iso-
baric fragment ion of ethylamine, is
30.0344. A high-resolution mass spec-
trum of a mixture of these compounds
exhibits three separate peaks in the
mass-30 region, whose heights (relative
abundances) are a measure of the com-
position of the sample.

Another recent advance in analytical
mass spectrometry has greatly increased
the value of, and need for, information
obtained with high-resolution instru-
ments. Previously, vapor-pressure re-
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quirements had limited studies mainly
to samples with molecular weights be-
low 500. This limit has been raised to
1000 to 2000 by the development of
systems for vaporizing the sample di-
rectly in the ion source (at a pressure
of about 10—7 torr). However, the in-
crease in the size of the molecules that
can be studied is accompanied by an in-
crease in the complexity of the spectra.
The possible molecular combinations of
the elements carbon, hydrogen, nitro-
gen, and oxygen increase from a few at
nominal mass 30 to over 50 at mass 310
(Fig. 1). The inclusion of all possible
fragment ions greatly increases the com-
plexity of the problem of identifying
an unknown spectral peak which the
low-resolution instrument identifies only
as mass 310. Many elements in addition
to these four are commonly found (see
Table 1), so that, for a nominal molec-
ular weight of 1000, literally millions of
different possible elemental formulas
can be written. Although present high-
resolution instruments can differentiate
only a small proportion of the exact
mass classifications for these formulas,
use of these instruments helps substan-
tially to offset the complexity of the
mass spectra of samples of this molec-
ular weight.

The advantages of high-resolution
mass spectrometry were first recognized
and demonstrated by J. H. Beynon (Z,
2) and his group at Imperial Chemical
Industries. Recently many developments
and applications have been reported by
Klaus Biemann and his co-workers at
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the Massachusetts Institute of Technol-
ogy (3-6) and from the laboratory of
Associated Electrical Industries, a man-
ufacturer of mass spectrometers (7, 8).
These reports, plus the recent com-
mercial availability of instruments, have
led to a great awakening of interest in
the last few years. Many laboratories
have acquired or are planning to install
such equipment.

Principles of Mass Spectrometry

Many excellent reviews on the funda-
mentals and instrumentation in the
field of mass spectrometry are available
(1-3, 7-12).

The ion source of the mass spectrom-
eter may be visualized as a continuous
reactor in which the sample molecules
are bombarded by energetic electrons
(energies of about 70 volts). Back-
ground pressures in the ion source are
kept below 10—7 torr (10—1° atmo-
sphere). By limiting the sample so that
the pressure it exerts is less than 10—+
torr, secondary reactions of the ion,
radical, and neutral products formed are
minimized. To obtain the mass spec-
trum, the mixture of positive ions is
electrostatically accelerated from the
ion source and separated according to
mass, and the amounts of the ions are
measured.

A wide variety of methods are em-
ployed for separation according to mass
(2, 9-12); magnetic deflection is the
most common. For high resolving pow-
er, it is necessary to focus the ions with
respect to velocity as well as direction.
Figure 2 shows an instrument which
utilizes the Mattauch-Herzog type ge-
ometry, one of the two common geom-
etries for achieving double focusing. In
this geometry the ions are first sorted by
the electrostatic analyzer into monoen-
ergetic paths. The deflection of these
paths by means of the magnetic sepa-
rator compensates for the differences in
energy of the sorted ions, so that the
ions ‘are refocused along a plane ac-
cording to mass (actually, according to
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the mass-to-charge ratio m/e). The
spectrum can be scanned by the con-
ventional sweeping of the magnetic field
or ion accelerating potential, the ions
being recorded as they come in focus on
a fixed exit slit. Additionally, this geom-
etry has the advantage that all the ions
can be simultaneously recorded on a
photographic plate placed in the focal
plane of the instrument. Such an inte-
grating recorder is especially valuable
for obtaining the complete high-resolu-
tion spectra of microsamples introduced
into the instrument at rates which
change rapidly, as in the continuous
monitoring of effluents from a gas chro-
matography column (5).

Modern electron multipliers are able
to detect single ions, so that sensitivities
of a few parts per million can be
achieved despite the low ion currents
produced. The low requirement for
sample pressure in the small ion cham-
ber can be met by direct vaporization
of 1 microgram or less of sample, al-
though careful control of volatilization
and fast recording methods are neces-
sary. In a conventional inlet system the
vaporized sample is stored in a large
reservoir at a pressure higher than that
of the ion chamber and allowed to leak
continuously into the ion source through
a pinhole opening. This system makes
possible a nearly constant flow rate and
highly reproducible spectra, but it re-
quires milligram-size samples and much
higher vapor pressure than is necessary
when the sample is introduced directly
into the ion source.

The interaction of a bombarding elec-
tron with a molecule of sample can re-
sult in the ejection of another electron
from the molecule. The resulting posi-
tive ion usually has excess energy. Ac-
cording to the “quasi-equilibrium the-

Table 1. Nuclides frequently found in high-
resolution mass spectrometry.

Nuclide Exact mass
H' 1.0078252
CcH 12.0000000
Cc 13.003354
N 14.003074
Qo 15.99491415
Fro 18.998405
Si*s 27976927
pat 30.973763
S#2 31.972074
CI*® 34.968855
Br™® 78.918348
= 126.904352

among the available energy states of the
ion. Many of these states are unstable,
each such state leading to the decom-
position, at a particular rate, of the mo-
lecular ion to a product ion plus a
neutral fragment or fragments. The
mass spectrum observed is thus com-
posed of the remaining molecular ions
plus the product ions, the relative
amounts of molecular and product ions
being determined by the rates of forma-
tion and of subsequent decomposition.
For most instruments, the effective reac-
tion times are microseconds or less.

Relation of Spectra to Structure

For many molecules, the molecular
ion is stable enough so that at least a
measurable concentration of these ions
reaches the collector. Thus the molec-
ular ion will appear as the peak of high-
est mass in the spectrum. Measurement
of this mass with sufficient accuracy can
give absolute identification of the ele-
mental composition (the absolute num-
ber of the atoms of each chemical ele-
ment which composes the particular

possibilitics to a small number from
which one can choose the correct for-
mula by using other information con-
cerning the sample. Because of the mass
spectrometer’s submicrogram sample
requirements, speed, and unlimited
range of elements, it is rapidly proving
to be a valuable complement to classical
combustion analysis for the determina-
tion of the elemental composition of
organic compounds. Knowledge of the
elemental formula of the molecule also
permits one to compute the number of
rings and double bonds in the molecule
from a formula derived from the va-
lences of the elements (/4).

Only in recent years have chemists
recognized the value of the mass-spec-
tral fragment ions for providing infor-
mation about molecular structure. In
simplest terms, obtaining structural in-
formation from a mass spectrum may
be likened to assembling a three-dimen-
sional jigsaw puzzle. The molecular ion
has been decomposed into a wide va-
riety of fragments, and high-resolution
mass spectrometry reveals their ele-
mental compositions and relative abun-
dances. To interpret the spectrum, hy-
pothetical molecules containing these
fragments are constructed, and the types
of ion decomposition predicted for
these models are checked against the
ion abundances found. Unimolecular
ion decomposition reactions—an inter-
esting new field of chemistry—are often
surprisingly similar to other chemical
reactions. Intensive studies of such
mechanisms have been made recently,
and our understanding of them is grow-
ing rapidly. Such knowledge, plus study
of similar reference spectra of known
compounds, has produced a growing
literature on elucidation of the structure
of complex molecules.
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Fig. 1. Exact masses (m/e) of some of the possible molecular ions of nominal mass 310 containing carbon, hydrogen, up to three
atoms of nitrogen, and up to four atoms of oxygen. Mass differences in millimass units (A m.m.u.) from the saturated hydro-

carbon are shown.
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Fig. 2 (top right). Schematic diagram and
top view of the high-resolution mass spec-
trometer of Mattauch-Herzog geometry
(Consolidated Electrodynamics Corpora-
tion Model 21-110) in the chemistry lab-
oratory at Purdue University. Double
focusing of the ion beam by the electro-

static and magnetic analyzers makes pos- -

sible mass measurements of an accuracy
of a few parts per million. Spectra can be
recorded electrically or on a photographic
plate placed in the focal plane of the mag-
netic analyzer.

octan-4-one given in Fig. 3 shows ma-
jor peaks at masses 43, 57, 71, and 85,
which can arise through initial cleav-
ages of the molecular ion at the bonds
adjacent to the carbonyl group. For
example, an expected reaction for such
compounds is cleavage of the 4,5-
carbon-carbon bond to form the acyl-
ium ion CH3CH,CH,CO+ (mass 71)
and the butyl radical CH;CH,CH,CH.".
Further decomposition of this ion
through loss of the stable carbon mo-
noxide molecule yields the propyl ion
CH;CH,CH,* (mass 43). The reaction
would be as follows:

CHsCH.CH.COCH.CH-CH.CH; —
CH:CH-.CH.CO* ++ CH.CH:CH.CH:

CHsCH:CH.CO* -» CH:CH.CH." -+ CO

The propyl ion can also be formed di-
rectly by cleaving the molecular ion.
Peaks at masses 58, 86, and 100, how-
ever, cannot be explained readily in
terms of combinations of simple bond
cleavages. Studies with isotopically la-
beled molecules show that the ions
which produce these peaks arise through
specific rearrangement processes. Cleav-
age of the 5,6-carbon-carbon bond, ac-
companied by rearrangement of a hy-
drogen atom from carbon-7 to the
carbonyl oxygen atom, yields a reso-
nance-stabilized radical ion of mass 86
and accompanying ejection of the stable
propylene molecule. The involvement of
a sterically favorable six-membered-ring
transition state and the stability of the
products formed are thought to be
strong driving forces for this reaction.
Note that this rearrangement (Fig. 4)

Fig. 3 (bottom right). Mass spectrum of
octan-4-one (see 11). Four of the largest
fragment ions can be related to the cleav-
age of the labile bonds adjacent to the
carbonyl group. Peaks at m/e 58, 86, and
100 are due to specific rearrangement re-
actions involving cleavage of the a-g8 car-
bon-carbon bond with rearrangement of
the hydrogen atom on the y carbon (see
Fig. 4).
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Table 2. Possible formulas considered for the alkaloid vobtusine (72).

Empirical Molecular Carbon Hydrogen Nitrogen

formula weight content content content
(%) (%) (%)
CHy NOg 778.3941 69.46 6.95 7.20
C,.H:N,Og 704.3574 71.57 6.86 7.95
CHyN,O, 722.3679 69.78 6.97 7.75
CH; N,O, 718.3730 71.84 7.01 7.79
C,.H\N,O, 718.3366 70.17 6.45 7.79

allows formation of a new bond for
each one that is broken (9).

Careful study of a number of such
rearrangement processes has given us
sufficient understanding of them to
make them quite useful for the elucida-
tion of structure. For example, the peak
at mass 58 (C3Hz;Ot1), formed by a
sequence of two such rearrangement re-
actions (the reaction involving cleavage
of a bond between - and B-carbon
atoms with rearrangement of the -

hydrogen) gives evidence that neither
of the carbon atoms adjacent to the
carbonyl group is substituted.

Viewing this spectrum as an unknown
poses some new problems which illus-
trate the value of high-resolution mass
spectrometry. From the explanation
given above of the spectrum of Fig. 3
one might conclude that abundant ions
of masses 71 and 85 would indicate the
presence of propyl and butyl ketones, re-
spectively. Extrapolating from this ex-

\\/H + H\ +
HCCH 0’ HLCH 0’
3 \ !
' Ic,! ; H LI o
HC./ 2 /"C
20N S 7
- E{z CSH7' H2C 03H7

Fig. 4. Mechanism for the formation of the m/e 86 ion in the spectrum of octan-4-one
(Fig. 3) through the specific rearrangement of a ~v-hydrogen atom.

n-CgHy

Fig. 5. Alternative structures proposed for filipin, on the basis of spectrochemical evi-
dence. The elemental composition is CuHsxsOu, as determined from high-resolution
mass spectrometry of the pertrimethylsilyl ether derivative; this composition corre-

sponds exactly with structure a.
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planation to lower homologs, one might
expect to find that masses 43 and 57
are typical of methyl and ethyl ketones,
respectively. Although C,H;0+ and
C3H;0+ can indicate such compounds
(I5), for the spectrum of Fig. 3 major
components of the peaks at masses 43
and 57 are the isobaric ions CzH;+
and C,Hyt, indicative of the alkyl sub-
stituents on the carbonyl group. Ob-
viously, information on elemental com-
position such as is provided by high-
resolution mass spectrometry would
simplify the interpretation of an un-
known spectrum of this kind.

Determinations of Molecular Structure

Djerassi and his co-workers have col-
lected a number of interesting examples
(12) of natural products whose assigned
elemental compositions were shown, by
mass spectrometry, to be incorrect.
Classical elemental carbon, hydrogen,
and nitrogen analysis often cannot dif-
ferentiate unequivocally between two
possible components, such as large mol-
ecules differing only by a CH, group.
The data given in Table 2 for the
alkaloid vobtusine illustrate this point.
From microanalyses and other infor-
mation it was concluded that the em-
pirical formula was one of the fol-
lowing: CyH;,N,Og, CyoH N,O4, or
CpH; 0N O;. A single-focusing mass
spectrometer showed the molecular
weight to be 718, a value incompatible
with any of these three formulas. High-
resolution spectrometry showed m/e =
718.3743, clearly indicating that the
formula C,3H;\N,O;, molecular weight
718.3730, is, unexpectedly, the correct
one.

Barber and his co-workers recently
investigated (8) the structure of filipin,
a polyene macrolide antibiotic. Chemi-
cal and spectroscopic (infrared, ultra-
violet, and nuclear-magnetic-resonance)
evidence had led to proposals for two
different molecular formulas (Fig. 5).
Although these structures are quite sim-
ilar chemically, they differ in elemental
composition by C,H,O. A direct answer
to this question by mass spectrometry
proved difficult, however, illustrating a
problem often found in the analysis of
complex polar molecules, such as this
polyhydroxy compound. Even with di-
rect heating of such large polar mole-
cules in the ion source, often a suffi-
ciently high vapor pressure cannot be
obtained without some thermal de-
composition or rearrangement. Use of
chemical derivatives provides a con-
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venient means of increasing the volatil-
ity and thermal stability. The hydroxyl
groups of filipin and its fully hydro-
genated derivative were converted to
the corresponding trimethylsilyl ethers,
—OSi(CH;);. At a source temperature
of approximately 170°C, these deriva-
tives give vapor pressures such that
mass spectra can be obtained. These
spectra conclusively support the validity
of structure a of Fig. 5. The mass of

Fig. 6 (left). Rearrangement mechanism
for the formation of the m/e 84 ion in
the spectrum of tetramethylcyclobutan-
1,3-dione (see Fig. 7) through the expul-
sion of two molecules of carbon monoxide.

the molecular ion of perhydrofilipin
pertrimethylsilyl ether, measured relative
to the CygF5,+ (mass 1305) from per-
fluorolube residues, is 1312.8341, a
value within 2 parts per million of the
theoretical value of 1312.8319, or
C35H;5904,[(CHj3) 5Silg. The spectra of
the two compounds are also closely
similar to those of lagosin and perhy-
drolagosin, respectively. Lagosin is
known to have the structure of Fig. 5a
plus a 14-OH group.

When peaks in a spectrum (such as
the spectrum of Fig. 3) obtained with
a single-focusing spectrometer are com-
pared with the peaks in the high-resolu-
tion spectrum of the same sample, it

often becomes apparent that the ion de-
composition reactions are not as simple
as they had appeared to be. In the low-
resolution spectrum of tetramethylcy-
clobutan-1,3-dione, Nicholas Turro (16)
observed a large peak due to the loss of
56 mass units, He proposed that this
peak is due to a facile loss of two mol-
ecules of carbon monoxide (Fig. 6), in
striking analogy to the photolytic be-
havior of this compound.

Our high-resolution spectrum (Fig.
7) confirms this interpretation and il-
lustrates the advantage of photographic-
plate recording, which makes all the
data available for examination. Mea-
surements from the CBHCl,* and
CH,Cl,* reference lines conclusively
identify the peak at nominal m/e 84 as
CqH;,t. It seems logical to assume that
the peak at m/e 83 in the low-resolution
spectrum is the C¢gH,;+ ion. In Fig. 7,
such an ion line is found at the pre-

Fig. 7. The high-resolution mass spectrum of tetramethylcyclobutan-1,3-dione (molecular weight, 140) containing chloroform as an
internal mass standard. (Top) Magnification of the photographic-plate spectrum for the region from m/e 24 to m/e 141. The two
middle spectra are for the region m/e 77 to m/e 89 (region between the arrows in the top spectrum), recorded at twice the photo-
graphic-plate dispersion; they differ in total ion current by a factor of 10. (Bottom) Magnification of the region between the
arrows (from m/e 83 to m/e 84) of the third spectrum from top. Exact mass measurement of these multiplets identifies the ion
lines (left to right) as: m/e 83, CHCI. (reference line), C{H:0:*, CsH-O*, and CsHu*; and m/e 84, CCI*CI*"* (reference line), C*HCL*",
C:C*HsO;*, C.C"H:0", and CiH..* (the CsC*®Hn* line is hidden at this exposure). The presence of oxygenated ions had not been

suspected.
11 FEBRUARY 1966
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dicted distance from the CHCl,* ref-
erence line. However, between these
lines lie lines for two additional isobaric
ions. Careful measurement shows that
these are C;H,O*+ and C,H;0,%; the
structures shown in Fig. 8 may be con-
tributing ion structures,

A dramatic example of research of
the kind that will be possible with high-
resolution mass spectrometry is the re-
search on amino acid sequences in poly-
peptides, by Lederer and his co-workers,
cooperating with Barber and his asso-
ciates (I7). From previous studies
made with classical and spectrochemical
techniques the peptidolipid fortuitine,
isolated from Mycobacterium fortuitum,
was assigned the preliminary structure

CH,(CH.),CO-Val-Val-Val-
(Thr-Thr)(-OCOCH:)-Ala-Pro-OCHjs

(n =18, 20). Ambiguities in further
work led to determination of the mass
spectrum, shown in Fig. 9. That for-
tuitine is a mixture having either Cy,
or C,, fatty acid moieties is shown by
the groups of peaks, throughout the
spectrum, separated by 28 mass units.
The molecular weights of the two com-
ponents are clearly shown to be 1331
and 1359. Peaks indicating another pair
of ion groups occur at 1211 and 1239;
this pair corresponds to the loss of two
acetic acid molecules. Thus fortuitine
is a diacetate, not a monoacetate as had
previously been supposed. The next pair
of ion groups, located at the further
loss of 128 mass units, corresponds to
the amino acid proline as the terminal
methyl ester. In the same way losses of
72 and 83 mass units can be correlated,
respectively, with cleavage of an alanine
plus hydrogen, and an anhydrothreo-
nine as the next amino acid units of the
chain. This assignment is confirmed by
a measurement of mass, made at
high resolution, for the peak at m/e
928 (1331 — 120 — 128 — 72 — 83)
as 928.7327, while the formula
C;3HysNgO; for this ion gives a theo-
retical mass of 928.7340. Further se-
quential losses of (i) anhydrothreo-
nine minus hydrogen, (ii) methylleu-
cine, (iii) waline, (iv) valine, and (v)
methylleucine are discernible in the
mass spectrum; the elemental compo-
sitions of some of the pertinent ions
have been checked by high-resolution
techniques. This work gives the whole
structure of fortuitine as
CH(CHb)ss-20CO-Val-MeLeu-Val-Val-
MeLeu-Thr(-OCOCH,)-Thr
(-OCOCH:)-Ala-Pro-OCHas
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Fig. 8. Possible structures for the unex-
pected ions CsH;O and CHa.O. found at
nominal mass 83 in the spectrum of tetra-
methylcyclobutan-1,3-dione (see Fig., 7).

Further work by Lederer and Barber
and their associates and work in our
laboratory give promise that amino
acid sequence in a number of types of
peptides may be determinable. Because
only submicrogram amounts of sample
are required, and because of the po-
tential speed and ease of the determina-
tions, this is a promising breakthrough.

Element Mapping

In the examples given above, an in-
itial study of the low-resolution spec-
trum indicated key peaks for which data
obtained with high-resolution techniques
would be valuable, and these peaks were
then measured by means of a double-
focusing instrument. For the fortuitine
analysis, the exact masses of five peaks
were reported. No more than five were
measured because considerable struc-
tural information was available from
other studies, and because the geometry
(Nier-Johnson) of the double-focusing
instrument (2) used requires that indi-
vidual measurements of the mass of
each peak be made while the sample
is flowing through the instrument.

Biemann and his co-workers have re-
cently reported a new and revolutionary
approach to high-resolution spectrom-
etry which they call “element mapping”
(3, 4). In this approach, exact measure-
ments of mass are obtained for most
of the ions produced, and the possible
elemental compositions are calculated.
These ions include many which, when
studied at low resolution, have been
considered of little value for the deter-
mination of structure, and thus, with
the element-mapping technique, some-
times hundreds of initial exact determi-~
nations of mass are made from each
spectrum. The spectrum is interpreted,
then, not in light of the mass of the ions
produced but directly according to the
elemental formulas of the molecular
fragments.

The element map (Fig. 10) is pro-
duced by an initial sorting, by computer,

of the elemental formulas into columns
according to content of hetero atoms;
the columns are arranged in ascending
order of numbers of carbon and hy-
drogen atoms. Figure 10 displays the
elemental composition and relative
abundances of most of the ions of m/e
> 93 in the mass spectrum of deoxydi-
hydro-N,-methylajmaline (3). Column
1 shows the nominal mass-to-charge
ratio of the ions. Column 2 lists the ions
that contain no oxygen or nitrogen—
CHy +, CgH,;+, CgH;+, and C{yH,+.
Column 3 indicates that there is no ap-
preciable quantity of ions that contain
only one oxygen and no nitrogen atoms.
Column 4 shows that there are many
ions of the general formula C,H,N. Be-
cause molecular size increases as one
reads across (from left to right) and
down the rows of the map, the molecu-
lar ion, if present, will be found in the
lower right-hand corner (column 7).
Thus the elemental composition of
this compound s indicated to be
Co1H5oN, 0.

The advantage of the element map
for interpreting the structural signifi-
cance of fragment ions is immediately
apparent when one examines the other
entry in column 7 of Fig. 10—
C;7H2;N,0. Tons of this formula can
only be formed by the loss of a C,H,
moiety from the molecular ion, and this
entry thus directly indicates the satu-
rated C, side chain of the molecule.
Formation of the next-smaller fragment
ion (column 6) is already accompanied
by the loss of the oxygen atom and of
seven, eight, or nine carbon atoms. The
abundant Cy3;H,3N, can be formulated
as a resonance-stabilized g-carboline
quaternary-type ion. Column 5 contains
ions with a high hydrogen-to-carbon
ratio, which indicates that the oxygen
atom is located in the alicyclic area of
the molecule. [The hydrogen-to-carbon
ratios for cyclohexane (CgH;2) and

Fig. 10 (right). Element map of deoxydi-
hydro-N,-methylajmaline (3). Column 1
shows the nominal mass-to-charge ratio
(m/e) of the observed ions of the spec-
trum. Columns 2-7 give the elemental
formulas determined from the exact
masses; in each column ions of a particular
number of hetero atoms are listed. For
example, the first two numbers (6/8) of
the first listing of column 4 (headed CHN)
signify ions of the formula C.H:N*. The
third number (0) signifies the error of
mass measurement, in millimass units. The
asterisks indicate the relative ion abun-
dance on a logarithmic scale.
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Fig. 9. Mass spectrum of the peptidolipid fortuitine, showing the sequential loss of the amino acid units. The sample is a 1 : 1 mixture
of compounds in which the terminal fatty acid moiety R is either CpHs or CxHas. This mixture gives rise to sets of peaks separated
by 28 mass units in the spectrum.
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95 7711 On» 6/ 9-Qnaw

98 6/ 8§ jfesnane

103 87 T=0nus

106 1/ 8 Oss

107 T/ 9-0#

108 T7/10-0#aa

110 T/12-0unsns

115 9/ 1-Onss

117 8/ 7 Onn

118 8/ 8 O«

120 8/10 lue

122 8/12 2«

123 8/13 2+

124 710 Osns

126 T7/712-08%

127 10/ 7-0s»

129 9/ T 1+

130 9/ 8 Onas

131 9/ 9-Onnas

132 9/10-1nas

142 10/ 8-0+#

143 10/ 9-0#w

144 10/10-0Osusun

145 10/11-0%ns

152 10/18-0#nus

154 10/720-08»

156 11/10-0+

157 11/11-0%ns

158 11712 Oxse 10/ 8-0u#

159 107 9-0#

160 10/10~0nns

187 127 S-0«

168 10/18 One

176G 12712 Qss

173 11711 O«s

181 13/11-0wes

182 13/712~0unus 11720 Qunnans

183 12711 Zxe

197 13713 Osnss

213 14717-0%ns

269 17721 1»
L2328 21730-0+
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benzene (CgHg) are 2.0 and 1.0, re-
spectively.]

If the oxygen atom were attached
to the aromatic ring, the ratios would
be much lower. Biemann explains
the abundance of C;{Hy)NO+ as
implying that the alicyclic part of
the molecule can easily be split off; the
splitting would remove 11 carbon
atoms, leaving 10 with the aromatic
part, which contains the other nitrogen
atom. This ion species is actually part
of a doublet at mass 182: the other
component (Cy3H;,N) contains only
one nitrogen atom and has a low hy-
drogen-to-carbon ratio, findings which
point to the conclusion that the aro-
matic system can retain up to 13 carbon
atoms without involving the second ni-
‘trogen atom. A number of other con-
clusions can also be drawn from this
element map, giving a surprisingly com-
prehensive picture of the molecular
structure (3).

Combination with Separation Technique

Gas chromatography has done as
much as any other new analytical tech-
nique in the Jast decade to revolutionize
research in chemistry and allied areas.
A great deal of effort has been expended
on finding methods for identifying the
separated pure componen that emerge
from a gas chromatograph. The main
problem is that the separated pure com-
ponents often occur in amounts that
are much too small for identification by
most techniques. However, the sensitiv-
ities of mass spectrometers are in gen-
eral comparable to those of the most
sensitive gas-chromatography detectors
(18). Also, lower vapor pressures are
required in mass spectrometry than in
gas chromatography. Complete transfer
to the mass spectrometer of even the
smallest of the separated components
from a gas chromatograph can be con-
veniently effected by collection of the
components on the column packing
used for the gas chromatographic sepa-
ration (/9). Identification of amounts
as small as 10— mole is possible with
this technique.

A number of methods are available
for recording complete low-resolution
mass spectra very rapidly (in from 10
seconds to 10—5 second). This rapid
recording makes possible direct moni-
toring of the effluent from the gas chro-
matograph by a mass spectrometer. The
disadvantages resulting from dilution of
the sample by carrier gas can be re-
duced by means of separators which
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pump off the carrier gas preferentially
(5, 20). With high-resolution tech-
niques, photographic-plate recordings of
spectra of l-microgram samples with
m/je ranging from 28 to 800 can be
made satisfactorily even if the sample
is in the ion source for only 1 second.
From another sample arriving at the
ion source only a few seconds later a
useful spectrum can likewise be pro-
duced and recorded. Great strides have
also been made recently in speeding up
the recording time necessary for con-
ventional scanning, such as is required
with the Nier-Johnson double-focusing
geometry. A recording time of 10 sec-
onds has been achieved (21) for spectra
covering a range in mass of a factor
of 10 at a resolution of 10,000 (peaks
of ions differing in mass by one part in
10,000 are resolved to a 10-percent
valley). This method does suffer the dis-
advantage that the concentration of the
component emerging from the gas chro-
matograph is changing during the spec-
tral scan. The photographic plate, how-
ever, records all the ions from the com-
ponent continuously, thus recording an
integrated spectrum.

The Data-Handling Problem

The dramatically increasing capabil-
ity of analytical mass spectrometry
during the last decade has brought ever-
increasing demands for more rapid re-
cording and interpretation of data. Sam-
ples of molecular weight from two to
five times that of samples studied at the
beginning of the decade can now be
analyzed, and determinations of mass
are made with an accuracy that has in-
creased by a factor of 1000. The time
required previously for recording a
spectrum was 5 to 20 minutes; now
spectra are recorded in a few seconds
or less in the monitoring of gas chroma-
tography. Thus, mass-spectral data can
now be generated roughly a million
times as fast as they could be a decade
ago. Various digitization and computa-
tion techniques for coping with this
problem have been developed. For ex-
ample, to generate an element map from
a photographic plate of a high-resolu-
tion spectrum, the Massachusetts Insti-
tute of Technology group (3-6) uti-
lizes a semiautomatic comparator from
which line positions can be digitized di-
rectly onto punched cards, the measure-
ments requiring one to several hours per
spectrum. By means of computer calcu-
lation line positions are converted to
exact masses by comparison with refer-

ence lines of a standard spectrum re-
corded simultaneously. Possible ele-
mental compositions are calculated for
each mass, sorted, and printed out in
the form of the element map of Fig. 10.

The potentialities of the method have
led to further efforts to find a way to
break this data-handling bottleneck. Re-
cent approaches include the Associated
Electrical Industries high-speed scan-
ning (21) and use of an automatic pho-
tographic-plate  comparator coupled
with magnetic-tape recording, which has
been developed by Burlingame’s group
at the University of California, Berke-
ley (22).

In our laboratory at Purdue we are
now measuring high-resolution spectra,
recorded on photographic plates, with
a special Grant comparator-microdensi-
tometer (23) which has the increased
accuracy required for making the line-
position and optical-density measure-
ments which are needed if one is to
make use of the accurate spectral regis-
tration on the plate. The time required
for recording the data from the plate
has been cut to 14 minutes per spectrum
through the use of a Datex high-speed
digitization and magnetic-tape assembly
(24). Measurement of the 30 spectra
on one plate is fully automatic, so com-
plete reduction of the data to an ele-
ment map or similar form is now pos-
sible for 100 high-resolution spectra per
day.

Future

The mass spectrometer can supply
other valuable information on molecu-
lar structure—information of a kind
which has been little utilized in the
past because of the data-handling effort
required to obtain it. The purity of a
sample can be checked by comparing
spectra recorded during the initial and
final stages of evaporation of the sample
into the ion source. For a given sample
the availability of additional spectra re-
corded at different exposures will in-
crease the accuracy of measurements
both of relative abundance and of exact
mass. Spectra taken at reduced voltage
of the bombarding electrons can pro-
vide measurements of the energies nec-
essary for the formation of particular
ions in the spectrum, a further indica-
tion of molecular environment (25).
Metastable ions—those ions that decom-
pose after acceleration out of the ion
source but before mass analysis—are
extremely useful in pinpointing particu-
lar ion deccmposition reactions. An ad-
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ditional spectrum, recorded to show the
reactions of metastable ions with maxi-
mum sensitivity, could also be digi-
tized and interpreted by the computer.
Charge-exchange, negative-ion-spectra,
and field-ionization techniques yield ad-
ditional data of potential usefulness.
The combining of such a variety of
data to obtain maximum information on
molecular structure obviously requires
computer systems. Reference high-reso-
lution spectra of known compounds are
being accumulated, and files of these
can be rapidly searched by the com-

puter for matching spectra. It should be

possible to check for homologous com-
pounds, or for compounds which vary
by a particular discrete functional
group. Calculation of the molecular
composition from a spectrum contain-
ing no molecular ion is possible (6).

The effects of substituents on spectra
can be predicted quantitatively for par-
ticular systems, and encouraging par-
allels have been found with effects (such
as Hammett ¢ constants) in condensed-
phase chemical reactions (26). It also
appears possible that at least part of
the interpretation of spectra can be
accomplished by programming the com-
puter to recognize known ion-decom-
position reactions. Close parallels can
often be drawn between these and con-
densed-phase chemical reactions, so that
the chemical behavior of new com-
pounds can be partially predicted from
a study of their mass spectra.

It appears feasible to automate most
of the mass-spectrometer adjustments
necessary to obtain such additional data
and still require only microgram sam-
ples. The proportion of compounds for
which this procedure will provide sig-
nificant or complete information on mo-
lecular structure is growing rapidly as
studies are extended to more and more
types of molecules. For samples suffici-
ently volatile to be separable by gas
chromatography, these advances bring
the dream of the “universal analyzer”
much closer to reality. Considerable re-
search is also in progress which may
make it possible to obtain spectra of
polymers and biologically important
macromolecules. ,

There obviously are large problems
to be solved before we can achieve such
goals. Considerations of the skills, fa-
cilities, personnel, and financial support
necessary appear to dictate that these
studies be carried out in large research
centers. The large number of samples
suitable for study with the mass spec-
trometer would appear to justify the
establishment of such centers and per-

11 FEBRUARY 1966

mit them to cooperate on research prob-
lems from a large number of diverse
research groups.

Finally, there is a concomitant devel-
opment which is, I feel, as important as
recognition of the need for these large
research centers. This is the growing
awareness on the part of scientists in
other fields of the power of mass spec-
trometry for the solution of their re-
search problems. In the last few years
the mass spectrometer has become a re-
quired research tool in most laboratories
exploring low-molecular-weight chemi-
cal systems. There has been a great in-
crease in the sale of low-resolution mass
spectrometers for chemical work, and
many laboratories are now using high-
resolution techniques. As has been am-
ply demonstrated in the history of such
techniques ‘as ultraviolet, infrared, and
nuclear-magnetic-resonance  spectros-
copy, interest and utilization by the non-
specialist can inspire a proliferation of
advances and applications undreamed
of by the experts.

Summary

High-resolution mass spectra can be
obtained in seconds from submicrogram
quantities of compounds of molecular
weights as high as 1000 to 2000, in-
cluding steroids, alkaloids, polysaccha-
rides, and peptides. The monoisotopic
molecular weight of the molecule can
be measured to accuracies of a few
parts per million, and from these mea-
surements the elemental composition of
the compound can be calculated direct-
ly. In addition to the molecular ion, the
spectrum also displays the mass and rel-
ative abundance of fragment ions pro-
duced by unimolecular decompositions
of the sample molecule. The elemental
compositions of the fragment ions can
also be determined and used to eluci-
date the molecular structure. An under-
standing of the mechanisms of such de-
compositions enables the researcher to
reassemble the fragment ions into logi-
cal structures. The small sample re-
quirements and the speed with which
high-resolution spectra can be obtained
make such spectra very valuable for
identifying pure components separated
by gas chromatography. Recent tech-
niques make possible rapid, fully auto-
matic reduction of data obtained at
high resolution, and calculation of ele-
mental compositions and suitable dis-
play of spectra by a computer. Abun-
dant additional information is obtain-
able under other ionizing conditions,

and the availability of such information,
plus the increasing use of the computer
for spectral interpretation and search,
promises continuing progress in this
field.
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