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Billionfold Data Increase from Mass
Spectrometry Instrumentation*

Fred W. McLafferty
Baker Chemistry Laboratory, Cornell Univers ity, Ithaca, Ne w York, U5A

The mass spectrometers of 1910-1950 gave 10-100 separately measurable mass values
(resolution increments) in a single spectrum; the few other analytical methods then with this
capability, such as emission spectroscopy, were not suitable for molecular characterization.
The introduction of high-resolution mass spectra 40 years ago gave a 102 increase in
resolution increments, while tandem mass spectrometry (MS2) 30 years ago promised a
similar exponential gain. A key to the present realization of this was the discovery of
Fourier-transform mass spectrometry 20 years ago, while electrospray ionization of large
molecules 10 years ago greatly extended the upper mass limit of spectra. These improve
ments can now give 105-106 resolution increments in the mass spectrum of a large molecule.
Extending this with MS2 ions in any of > 104 mass regions can be dissociated to produce a
mass spectrum with these > 105 resolution increments. With the several steps of MSn now
achievable, this represents a > 109 data gain since 1950. However, utilization of this amazing
capability is in its infancy, presenting a tremendous challenge for our field. © 1997
American Society for Mass Spectrometry (J Am Soc Mass Spectrom 1997, 8, 1-7)

Gravimetric and volumetric analyses, the stan
dard chemical measurement methods for over
a century, provided only a single value per

analysis. These yielded quantitative measurement of a
preselected C'targeted" ) elemental species, in contrast
to spectroscopy in which emission lines could be mea
sured at many different wavelengths (many " resolu
tion increments") to provide identifications of a var iety
of elements. A similar advantage of mass spectrometry
(MS) as an analytical tool, especially applicable to the
identification of unknown molecules, has always been
its multiplicity of data in a single spectrum. The fa
mous 1912 mass spectrum from J. J. Thomson's
" parabola" instrument showed peaks at mr: 20 and
22 that we now know are due the neon isotopes;
Aston 's [Ia] spectrum records peaks from mlz 1 to
200 (Figure 1). Ten different ionic components are
identified in this spectrum; for the mass spectrum of
an unknown, ions should have been identifiable at an
even larger number of different mass values (resolu
tion increments). Gentler ionization methods for
volatile molecules and MS instruments with unit reso
lution increased this to at least 100 resolution incre
ments in a single spectrum, and in the 1950s this was
raised dramatically by a 102 increase in resolving
power. By measuring another mass spectrum from
each peak in a mass spectrum, tandem mass spectrom
etry (MSn

) made poss ible a further exponential in-
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crease in resolution increments. Recent capabilities to
ionize and dissociate molecules that are orders of mag
nitude larger to measure their MSn spectra with even
higher resolving power provides > 109 increase in
resolution increments in comparison to the MS capabil
ities of 1950 [2].

Unit Resolving Power

The first commercial analytical MS instrument, intro
duced in 1940, gave quantitative (± 1%) abundance
values for up to 20 components in mixtures of light
hydrocarbon gases [2]; a 20 component analysis re
quires the accurate measurement of at least 20 peaks.
These occurred essentially at in tegral mass values, so
that unit resolution was an instrument necessity.

There were early indications that MS could also be
used for the identification and structural characteriza
tion of unknown molecules; CO2 ions have been as
signed in Figure 1. Aston's [lb] 1922 book shows
photographic plate spectra (Figure 2) of BF3, AsH 3,

and CS2 (VIII, labeled S02)' with peaks corresponding
to cst, CS· (also cot?), and CSO + (impurity). The
spectra of SiF4, CH 3Br, and S02 ind icate extensive
pyrolysis (the ions were generated in a 20-50-kV dis
charge). Electron ionization (EI) of gases gave far less
decomposition [3]: in 1932, Lander of Cornell Univer
sity (not my student' ) reported the £1 mass spectrum
of benzene (Figure 3) [3c]. Reflecting our experimental
challenges since then, he stated "Large molecules in
troduce additional difficulties to the mass-spectro
graph technique. High resolving power at large molec-
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Figure 1. The parabolas of neon isotopes 20 and 22 (lower right)
from J. J. Thomson's " parabola" instrument [l a].

ular weights is necessary, which requires the use of
strong electric and magnetic fields, and slits as narrow
as possible. The intensity is usually low because of the
narrowness of the slits, and also because the ions are

Mass Spectrometry Instruments for Molecular
Identification

Although the use of MS for gas mixture analysis grew
explosively during WW II and the decade thereafter,
more reports began to appear on MS attributes for

Figure 2. Photoplate mass spectra of molecules measured with
Aston's mass spectrogragh [lb] .

spread out over a large number of peaks. Furthermore,
thermal dissociation at the filament must be elimi
nated, this problem being more acute with large
molecules since they are in general more readily de
composed by heat."
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Figure 3. The 1932 electron ionization (12D-V) mass spectrum of benzene [3c].
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unknown molecule identifications [4] that led to a
rapid development of this field in the following decade
[5]. Improvements in research and commercial instru
ments were critical in this progress. Visible chart
records replaced photographic methods so that the
operator could monitor the spectrum during the long
30-min scan time (although the point-by-point record
ing of Figure 3 required a far longer time), and sys
tems such as the "teflon slug" method were developed
to measure and introduce a few milligrams of liquid
and solid samples [6]. Unit resolution spectra were
recorded over a 150-200-mass unit range, providing
> 102 resolution increments of data in a spectrum.
With special sample introduction techniques, mass
spectra could be obtained from 10-6 mol of an un
known, an unusually low amount then even for analyt
ical techniques providing singular measurement val
ues. Unknown identification was aided by spectral
correlations [5] and reference collections [7].

Gas Chromatography / Mass Spectrometry

The rate of MS data production was increased dramati
cally by the 1955 invention of the Wiley-McLaren
time-of-flight (TOF) instrument, whose 10- 4-10 - 5 per
spectrum time requirement is still the fastest today for
a commercial instrument [8]. This made possible [9]
the on-line oscilloscope display of mass spectra of
components as they were eluted from the gas chro
matograph (Figure 4). Few laboratories used these gas
chromatography/ mass spectrometry (GC/MS) spectra
routinely because of their poor dynamic range and the
difficulty of obtaining digital mass and abundance
information; this can be illustrated by attempting to
identify the compound yielding Figure 4 (although
Gohlke9 could actually do this during the GC/MS
display) .

F~gure 4. TOF mass spectrum (Polaroid photo of oscilloscope
display) of toluene from direct GC introduction [9). Major peaks
(left to right): rn /z 39,51, 65, 77, 91, and 92.

Computer Data Acquisition, Reduction, and
Interpretation

Solutions to the carrier gas pumping problem, espe
cially the jet separator [10], made GC/MS practical for
most types of mass spectrometers. However, extensive
analytical utilization of this great increase in "resolu
tion increments per second" (i.e, data rate) was criti
cally dependent on concurrent improvements in com
putational methodologies, whose applicability to the
quadrupole gave it unusual advantages for GC/MS
instrumentation [11]. Computer control gave full spec
trum scans during elution of a single GC peak, with
utilization of these data greatly increased by computer
reduction and display of the MS data [12].

Of the several algorithms proposed for assigning
structure to electron ionization [EI] spectra [7c, 13], the
probability based matching (PBM) system [14] has the
special features of "data weighting," shown to be
critical for document retrieval from libraries [15], and
"reverse searching" [14, 16]. Demanding that all the
mass values of the unknown spectrum be in the refer
ence makes difficult the matching of mixture spectra;
"reverse searching" instead only demands that the
reference masses be in the unknown. In contrast to an
earlier comparison with the most used "forward
search" system [17], PBM not only performs similarly
for unknown spectra of pure compounds, but gives
dramatic improvements for those of mixtures [18]. For
example, with sample purity only reduced to 85% and
matching criteria that retrieve 50% of possible an
swers, PBM gave 48% correct answers versus 17% for
the forward search algorithm (80% and 27% correct by
Class IV criteria, counting structures whose mass spec
tra are expected to be very similar such as m- versus
p-xylene) [18]. The reference file of 229,000 different EI
mass spectra of 198,000 compounds [19] can be
searched by PBM on-line in < 0.5 s [20]. Mass spec
trometry is widely accepted as the primary method for
identifying "global unknowns," even in mixtures, re
flecting its great advantage in resolution increments, as
well as speed and sensitivity , versus common methods
such as NMR and IR.

High Resolution

Restricting the structural possibilities further for even
more complex molecules requires more resolution in
crements . A pioneering advance for this was the recog
nition in 1954 [21] that the 10,000-20,000 resolving
power achievable with the new Nier-Iohnson double
focusing mass spectrometer made possible the identi
fication of isobaric mass multiplets, such as a mixture
of 0, 15.9949, and CH 4 , 16.0313. This increased the
possible resolution increments by 102, although the
number of common isobaric compositions per mass
unit at lower masses is - 1/10 of this value [22].
However, the extensive time required for exact mass
measurement of a single peak seriously compounded
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Figure 5. Photoplate mass spectrum of tetramethylcydobutan-1,3-dione with CHCl 3 internal
standard. Top: mlz 24-141. Middle : ma~fication of ml z 77-89. Bottom: further magnification of
mlz 83-84; for 84, the lines represent 2C3sC137Cl, 13CHC12, 12C/3CH302,12q3CH70, 12Cs13C
(hardly distinguishable), and C6H 12 (most intense) [24].

Figure 6. Time-of-flight instrument spectrum of products of
metastable ion dissociation of n-decane that were separated by
an electrostatic retarding region (neutral products not retarded)
[29].

by an MS-III spectrum to provide more structural
detail for an unknown molecule. A CAD spectrum of
kilovolt energy ions is a quantitative characteristic of
the fragment ion structure [29,30).

Tandem Mass Spectrometry Instrumentation

The actual MS/MS data gain was small for early mass
spectrometers because of serious resolution problems.
Ion dissociation in a field-free region of a magnetic
sector instrument gives diffuse peaks whose mass-to
charge ratio values depend on the masses of both the
precursor and the product ions. These masses could
be distinguished by linked scan of the sectors in a
Nier -Iohnson double-focusing mass spectrometer [28],
by energy retardation in a time-of-flight instrument
(Figure 6) [29], and by reversing the usual double
focusing geometry so that the magnetic sector first
separates the precursor ions with unit resolving power
[31). However, in all these configurations the energy
released in ion dissociation gives peak spreading and
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Tandem Mass Spectrometry

A further exponential increase in MS resolution incre
ments can be achieved by the measurement of a sepa
rate mass spectrum from the dissociation of the ions
representing a single peak in a mass spectrum (MS2 );

such dissociations gave "Aston bands" in early mass
spectra [26]. In theory, each peak of a unit resolution
MS-I spectrum that contains several hundred resolu
tion increments could produce a MS-II spectrum with
peaks that can occur in several hundred resolution
increments. This MS-II spectrum can be used for fur
ther structural characterization of the peak's ions
[27-29], with collisionally activated dissociation (CAD)
[28, 29] providing far more characteristic fragments
than metastable ion dissociation [27). For unknown
mixtures, a "soft ionization" MS-I spectrum can give
separate molecular ion mass values for each mixture
component, making chromatographic separation un
necessary, while a MS-II spectrum for dissociation of
the MS-I separated molecular ion can provide struc
tural characterization of that mixture component. Fur
ther, even a MS-II fragment ion can be characterized

the data problem described in the foregoing text. As an
aid to this, photoplate recording with the Mat
tauch-Herzog system could collect all data from m/z
20-600 simultaneously [23], but efficient reduction of
such data (Figure 5) required a sophisticated photo
plate reader [23, 24]. Computer systems were also
developed for Nier-Iohnson scanning instruments [12],
with array detectors increasing further the efficiency of
these [25) and photoplate instruments.
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thus far less than unit resolving power for the MS-II
spectra {< 10 resolution increments in Figure 6}. The
triple quadrupole [32] and later the ion trap [33] be
came routine MS/MS instruments because their insen
sitivity to ion kinetic energy gave unit resolution in
both M5-1 and MS-II, with both under flexible com
puter control.

Obviously, adding high resolving power to M5n

would provide a far greater increase in the amount of
MS data. Although this was achieved for M5-1 by
combining a double-focusing mass spectrometer with
another mass analyzer [34], repeating this for MS-II
with a tandem double-focusing mass spectrometer
[34b] was far less successful. The energy released on
fragmentation still seriously spread the MS-II ion im
age, so that even a resolving power of 103 could only
be obtained with a high sacrifice in sensitivity,

Large Molecule Mass Spectra

The number of possible mass values at which ions can
be measured in a mass spectrum also depends on the
mass range over which ions can be formed. Further,
larger masses have a far larger number of possible ion
elemental compositions. A resolving power of 105

would provide -10 3 measurable masses {- O.OOl-Da
wide resolution increments} in a 1-Da range at mass
84. However, for mass 84 ions {Figure 5}, only -10
monoisotopic elemental compositions represent > 90%
of those found in mass spectra [19, 22]; no composi
tions are possible between 84.1 and 84.9. For masses
309.9-310.2, this number of possible compositions has
increased to -100, requiring a mass measuring accu
racy of 2 ppm [24]; however, there are few possible
compositions for masses 310.2-310.9. These "blank re
gions" disappear at higher masses, so that even far
higher resolving power could be useful for the mass
spectra of large molecules. Their ionization has been
made possible in the last decade by the development
of matrix-assisted laser desorption {MALDn [35] and
electrospray ionization {ESO [36]. The solid sample
introduction of MALDI is convenient for fast routine
measurement and requires only attomole samples ,
although its time-of-flight instrument has been
handicapped by low resolving power {often _10 2 at
> 10 kDa} and poor MS/MS capabilities {Figure 6}.
Electrospray ionization yields multiply charged ions,
advantageous for instruments whose resolving power
decreases with increasing mass-to-charge-ratio, and ESI
is particularly suitable for the direct introduction of
liquid samples, such as for interfacing to liquid chro
matography or capillary electrophoresis. Both MALDI
and ESI make possible the ionization of 105-Da or
larger molecules, for whose characterization far more
data would obviously be useful.

For tandem mass spectrometry of large molecules
with a high number of resolution increments in each
stage of MS [37], ESI has proved to be an ideal
ionization method in combination with the Fourier-

transform {FT} ion cyclotron resonance mass spectrom
eter [38]. A first fundamental advantage of FTMS is
that resolving power is not affected by a variation in
kinetic energy, as FTMSmeasures the frequency of the
ion orbit in a high magnetic field; a higher kinetic
energy only increases the radius of the orbit without
affecting its frequency . The multiple charging of ESI
produces all ions with mass-to-charge ratio values
easily within the range of FTMS; Smith and co-workers
[39] have even recorded molecular ions from 108-Da

DNA molecules. Resolving powers of 105-106 are at
tainable even for measuring MS-II mass spectra, and
the isolation [40] of precursor ions for dissociation to
produce MS/MS spectra can be achieved with > 104

resolving power [41]. With FTMS, all frequencies are
measured simultaneously in approximately 1 s, so that
the Fourier transform of this time-domain data pro
duces a spectrum recording all ions over a mass range
of 500 to > 105 Da. For example, purification of cre
ative kinase {Figure 7a} has been a serious limitation in
its characterization, with isoelectric focusing indicating
at least three components; its ESI/FTMS spectrum is
only consistent with a ±2-Da difference in the molecu
lar masses of these components (e.g., deamidation),
eliminating the possibility of methylation, phosphory
lation, and other impurities (Figure 7c). Further
MS/MSprovides extensive sequence confirmation and
restricts the active site location [42]. Single cell and
subcellular sensitivities have recently been obtained
with this FTMS instrumentation utilizing nanoliter
flow ESI to produce high resolution mass spectra from
< 10- 18 mol of biomolecules [43]. The MS/MS spec
trum of 10- 17 mol of carbonic anhydrase (29 kDa)
shows 10 mass values > 2.9 kDa; seven are in error by
;S;0.1 Da, more than enough information to retrieve the
correct structure from the protein data base [44].

Conclusions

The - 50 resolution increments of the 1932 mass spec
trum of benzene (Figure 3) [3] were not only unusual
for the time but actually would still rank high versus
those of other available techniques for qualitative
molecular analysis. However, for molecules as large as
105 Da, an FTMSspectrum of 105 resolving power can
provide 106 resolution increments (e.g., 102 between
masses 1000 and 1001). For MSn

, a precursor ion can be
isolated with a resolving power [41] of > 104

, so that
ions of 105 possible mass values (e.g., 10 between 1000
and 1001 Da) can be dissociated to yield an MS2

spectrum; an abundant precursor again should yield
105 resolution increments, or a total of 1010 possible in
theory for MS2

• Extending this to MS3 and MSn easily
yields a > 109 gain since 1950. This was not only
unthinkable to this mass spectrometrist then, but still
beyond my wildest dreams a decade ago.

Of course a promising example such as Figure 7
only utilizes a tiny fraction of this enormous measur-
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Figure 7. Rabbit muscle creatine kinase, 43 kDa. (A) Heterogeneity shown by separation on a 5%
isoelectric focusing gel. (B) ESI/FTMS mass spectrum, sum of 20 scans. (C) expanded mass-to-charge
ratio scale [M + 37HJ37+ (resolving power - 105) showing ind ividual isotopic peaks; solid dots
denote theoretical peak heights for molecular weight 42,981 expected from the DNA sequence, and
open dots denote those expected for an equimolar mixture of unmodified, once- , and twice-deamid
ated enzymes (average 42,982). Lower left, fragment ions from nozzle-skimmer dissociation.

ing capability. The potential power of these multiple
dimensions of unique data content for critical macro
molecular applications presents professional mass
spectrometrists with an unusual challenge. Quoting
the philosopher Debono, "data is not information until
it has been processed into an idea."
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