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Abstract
Over the past decade, mass spectrometry has been revolutionized by
access to instruments of increasingly high mass-resolving power. For
small molecules up to ∼400 Da (e.g., drugs, metabolites, and vari-
ous natural organic mixtures ranging from foods to petroleum), it is
possible to determine elemental compositions (CcHhNnOoSsPp. . .)
of thousands of chemical components simultaneously from accurate
mass measurements (the same can be done up to 1000 Da if addi-
tional information is included). At higher mass, it becomes possible
to identify proteins (including posttranslational modifications) from
proteolytic peptides, as well as lipids, glycoconjugates, and other bi-
ological components. At even higher mass (∼100,000 Da or higher),
it is possible to characterize posttranslational modifications of intact
proteins and to map the binding surfaces of large biomolecule com-
plexes. Here we review the principles and techniques of the highest-
resolution analytical mass spectrometers (time-of-flight and Fourier
transform ion cyclotron resonance and orbitrap mass analyzers) and
describe some representative high-resolution applications.
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Mass-resolving power:
m/�m50%, in which �m50%
is the mass spectral peak
full-width at half-maximum
peak height

TOF: time-of-flight

FT: Fourier transform

MALDI: matrix-assisted
laser desorption/ionization

ESI: electrospray ionization

Mass resolution: the
separation (in Daltons)
between two mass spectral
peaks (such that the valley
between the sum of the
peaks is equal to the height
of the smaller individual
peak)

1. INTRODUCTION

The history of spectroscopy is the history of resolution. Mass spectrometers typically
measure the mass-to-charge ratio (m/z) of an ion. As mass-resolving power (m/�m50%,
see below) increases, several new plateaus of chemical information become accessible
(1):

1. At m/�m50% > 100, there is a separation of different charge states for ions
derived from the same neutral analyte [e.g., (M+H)+ versus (M+2H)2+, etc.];

2. at m/�m50% > 1000, there is a separation of peaks of different nominal mass
(e.g., 325 Da versus 326 Da);

3. at m/�m50% > 10,000, the resolution of small (<2500 Da) peptides of the
same nominal mass differ by one amino acid (except for isomeric leucine and
isoleucine); and

4. at m/�m50% > 100,000, there is a separation of peaks for nominally isobaric
species (i.e., molecules of the same nominal mass differing in elemental com-
position, e.g., N2 versus CO, both ∼28 Da).

As illustrated below, these capabilities have contributed to the creation of whole new
analytical fields ranging from petroleomics to proteomics.

Mass analyzers discriminate among ions of different m/z by subjecting them to
constant, pulsed, or periodically time-varying electric and/or magnetic fields (2). This
review focuses on the highest-resolution mass analyzers (specifically those capable of
routine broadband resolving power >10,000) for analytical chemical and biochemi-
cal applications, namely, reflectron time-of-flight (TOF) and Fourier transform (FT)
(orbitrap and ion cyclotron resonance) instruments that are compatible with liq-
uid sample introduction and associated ionization techniques [e.g., matrix-assisted
laser desorption/ionization (MALDI), electrospray ionization (ESI), and other atmo-
spheric pressure ionization methods]. Other analytical mass analyzers, such as elec-
tric/magnetic sectors, quadrupole mass filter, ion trap, triple quadrupole, single-pass
TOF, and so on, have important uses but are not optimal for the highest-resolution
applications.

1.1. Mass Resolution and Mass-Resolving Power

Mass resolution is defined as the minimum mass difference, m2 − m1, between two
mass spectral peaks such that the valley between their sum is a specified fraction of
the height of the smaller individual peak. For example, if two equal-magnitude peaks
are separated by exactly the width at half-maximum height (�m50%) of either peak
(i.e., 50% valley definition; see Figure 1a), then the mass resolution m2 − m1 =
�m50%. Mass-resolving power may be defined either for a single peak of mass, m,
as m/�m50%, or for two equal-magnitude peaks as m2/(m2 − m1) (e.g., for 50% val-
ley definition, m2/�m50%). (For multiply charged ions, m can be replaced by m/z
in the above statements.) Mass-resolving power is useful for evaluating mass ana-
lyzer performance because it is a measure of precision over a wide range of m (or
m/z), whereas mass resolution determines the ability to distinguish ions of different
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A

Figure 1
(a) Two equal-magnitude mass spectral peaks of equal width, separated by one peak width at
half-maximum peak height, �m50%. Mass resolution is typically defined as �m50%, whereas
mass-resolving power is typically defined as m/�m50%. (b) Relation between the mass-
measurement precision predicted for the average of many measurements, and the signal-to-
noise ratio and number of data points per peak width for a single mass spectrum (see text for
details).

elemental composition. For a given mass analyzer, it is important to specify the m (or
m/z) value at which resolving power or resolution is reported.

1.2. Mass-Measurement Precision

Mass imprecision, σ (m), may be defined as the root-mean-square deviation of many
mass measurements. Conversely, mass precision is 1/σ (m). However, one would pre-
fer not to have to make many measurements. For an analog (i.e., continuous) mass
spectrum, mass precision is simply proportional to the spectral peak signal-to-noise
ratio, S/N, for a single measurement. For a discrete mass spectrum (as in most current
instruments), mass precision is given by

Mass precision = c (S/N)
√

number of data points per peak width, (1)

in which c is a constant (of order unity) determined by the peak shape and spectral
baseline noise is independent of signal (as in the FT instruments described below)
(3). A similar expression applies to ion-counting mass analyzers, except that the peak
height imprecision is the square root of the number of counts (4). Thus, it is possible
to predict the precision that would be obtained from many measurements on the basis
of the S/N and discrete sampling for a single measurement (see Figure 1b).

Equation 1 shows that high mass-measurement precision requires the highest
possible S/N and smallest digital point spacing. Thus, mass-measurement precision
for low-magnitude peaks (as in many applications) is necessarily lower than for high-
magnitude peaks (as typically advertised by mass spectrometer vendors). Equation 1
helps explain why TOF mass analyzer mass-measurement precision has improved

www.annualreviews.org • High-Resolution Mass Spectrometers 581

A
nn

ua
l R

ev
ie

w
 o

f 
A

na
ly

tic
al

 C
he

m
is

tr
y 

20
08

.1
:5

79
-5

99
. D

ow
nl

oa
de

d 
fr

om
 w

w
w

.a
nn

ua
lr

ev
ie

w
s.

or
g

by
 F

or
dh

am
 U

ni
ve

rs
ity

 o
n 

12
/1

6/
11

. F
or

 p
er

so
na

l u
se

 o
nl

y.



ANRV362-AC01-19 ARI 13 May 2008 18:6

greatly over the past decade, partly from increased resolving power but also from
faster digitizers (to give more data points per peak width).

1.3. Mass Accuracy and Mass Calibration

Exact molecular mass is calculated from the combined atomic masses (usually based
on the most abundant isotope for each atom) of the elemental composition (e.g.,
CcHhNnOoSsPp) of an ion or molecule, for example, 12.000000 + 4(1.007825) =
16.0313 Da for CH4. Note that exact mass of an element differs from the usual “chem-
ical” definition of atomic mass, which is the abundance-weighted average overall
isotopes of that element. Mass calibration consists of fitting the observed mass mea-
surements to the accurate masses of two or more different ions. Calibration may be
internal (i.e., the reference masses are for ions of known elemental composition in
the same mass spectrum as the analyte) or external (i.e., reference masses from a mass
spectrum of another analyte acquired under similar conditions). Internal calibration
is typically at least twice as accurate as external calibration. The advantages of external
and internal calibration may be combined if ions are alternately injected from ana-
lyte and reference samples but accumulated together, thereby allowing for real-time
adjustment of the relative magnitudes of analyte and calibrant mass spectral peaks (5).

Finally, the above discussion has been limited to random noise. Systematic errors
can affect the accuracy of measurements in separate spectra and even between different
peaks in the same spectrum, for example, from space-charge effects due to Coulomb
repulsion between ions at sufficiently high density. Thus, it is important to eliminate
systematic errors, for example, by maintaining the same number of ions in each
measurement (6).

2. TIME-OF-FLIGHT MASS ANALYZERS

TOF mass analysis is conceptually simple. If ions of the same initial position and
velocity can be simultaneously accelerated (by a pulsed direct-current electric field)
to a kinetic energy of zeV electron volts, and then allowed to fly freely (i.e., no external
electric or magnetic fields) to a detector located d meters away, then ion TOF is related
to m/z:

TOF = d
√

1/2 zeV
√

m/z. (2)

From Equation 1, it is easy to show that TOF mass-resolving power is related to time
resolving power by

m/�m = 1/2(t/�t). (3)

TOF mass analysis is inherently fast and sensitive because all masses are measured
simultaneously (i.e., the multiplex advantage). Scanning instruments (for example,
sectors and quadrupoles) sequentially focus only one ion mass on the detector while
all others are lost.
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Figure 2
Schematic diagram of (a) a time-of-flight mass analyzer and (b) a reflectron time-of-flight mass
analyzer. Figure adapted with permission from Reference 70.

2.1. Orthogonal Time-of-Flight Mass Spectrometry

Although it is not possible for different ions to be at the same position and veloc-
ity before acceleration, a good approximation is achieved by the orthogonal TOF
design, in which a beam of ions (along, say, the x axis) is accelerated in a direction
(say, the z axis) perpendicular to that of the ion beam (7). Thus, ions of different
x-position and x-velocity have essentially the same initial z-position before acceler-
ation. Collisional cooling in a radiofrequency multipole ion guide further improves
the spatial and velocity distributions (8). TOF resolution can be further improved by
tailoring the spatial and temporal accelerating voltage so as to focus ions of the same
m/z but of different initial position and speed at a given postacceleration z-position
(9).

2.2. Reflectron

Additional improvement in TOF resolution is based on an analogy to a mechani-
cal pendulum. To a first approximation, the period of a pendulum is independent
of its amplitude of oscillation. Similarly, if ions enter a region of spatially quadratic
z-potential, then ions of a given m/z arriving at the same time but with different
speed (and thus kinetic energy) will roll uphill until they slow to zero speed, then
roll downhill and return to arrive at the detector simultaneously (see Figure 2).
That reflectron principle (10) thus narrows the TOF distribution for each m/z and
increases the TOF path length, thereby increasing mass-resolving power. Com-
mercial orthogonal reflectron TOF mass analyzers can now routinely attain a
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mass-resolving power of >10,000 to yield mass accuracy of ∼5–10 ppm if S/N is
sufficiently high.

2.3. Multiple-Pass Time-of-Flight Mass Spectrometry

In principle, TOF reflectron mass-resolving power should increase by a factor of n,
for an instrument configured to produce n reflections or energy-isochronous cycles
(Figure 3a). In practice, a fraction of the ions is lost at each cycle, and the increase in
resolving power with number of reflections is sublinear. Nevertheless, mass-resolving
power of 350,000 at m/z 28 (N2

+ versus CO+) has been achieved for 501 cycles of a
multiturn electric four-sector TOF instrument (total ion path, 644 m) (11). A second-
generation toroidal design eliminates the need for numerous quadrupolar lenses (12).

If ions traverse the same path in each cycle, then the accessible mass spectral m/z
range is necessarily reduced by a factor of n, so that the mass spectrum is inherently
narrowband. Such devices are therefore especially suitable for targeted analysis as
might be encountered in outer space and planetary exploration. Extension of the
toroids in a third orthogonal direction allows for a spiral rather than planar ion
trajectory (Figure 3b) without reduction in m/z range; an eight-turn spiral instrument
has demonstrated resolving power of m/�m50% = 80,000 at m/z = 2564 (the peptide
ACTH18–39) (13).

Ion trajectory
(top view)

Sector I Sector III

Sector IV Sector II

Q-lens
doublet

Ion source

TES 1
(without outer electrode)

TES 2

TES 3

TES 4

X axisY axis

Z axis

Detector

Detector

Ion trajectory

Beam
defining slit

60 cm

50 cm

Toroidal electrode
deflection radius: 50 mm
deflection angle: 157.1°

C=0.033

a b

Figure 3
Two multiple-pass time-of-flight mass analyzer designs. (a) Multum II, with four toroidal
sectors. Figure adapted with permission from Reference 71. (b) Spiral ion optical device. See
text for discussion. Figure adapted with permission from Reference 13.
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ICR: ion cyclotron
resonance

3. FOURIER TRANSFORM MASS ANALYZERS:
COMMON FEATURES

3.1. Fourier Transform Spectroscopy

Ion cyclotron resonance and orbitrap mass analyzers are based on measurements of
rf rather than on ion deflection (electric/magnetic sectors), ion stability (quadrupole
mass analyzer, quadrupole ion trap), or time of transit (TOF). To first order, ion cy-
clotron resonance (ICR) and orbitrap frequencies are independent of ion energy, and
the induced signal is linearly proportional to ion motional amplitude. For such linear
response systems, it is possible to obtain a frequency-domain spectrum by Fourier
transformation of the time-domain signal for an initially spatially coherent ion packet.
In ICR, initially spatially incoherent ions of a given m/z become spatially coherent
following resonant rf electric field excitation; in the orbitrap, spatial coherence is
achieved by the injection of ions of a given m/z in a time period that is short in
comparison to one cycle of the axial trapping oscillation (see below).

Several common features of FT-ICR and orbitrap MS follow directly from FT
data reduction (14). (a) Because signals from ions of a wide m/z range can be de-
tected simultaneously, FT MS offers the multiplex advantage of yielding the entire
mass spectrum at once, rather than requiring that each peak be scanned through
separately. (b) Because the magnitude of the response is linearly proportional to the
magnitude of the excitation, it is possible to achieve optimally selective and optimally
flat-magnitude excitation by specifying its magnitude spectrum and phase-encoding
it (usually a quadratic variation of phase with frequency), followed by inverse FT to
generate a stored-waveform inverse Fourier transform (SWIFT) time-domain wave-
form (15, 16). For simple flat-magnitude excitation over a single m/z range, SWIFT
reduces to linear frequency sweep excitation (17). Dipolar excitation/ejection in the
orbitrap can also be done by SWIFT (18). (c) In the zero-collision limit, the time-
domain signal is undamped, and FT-MS mass-resolving power varies directly with
data acquisition period T (14). However, T is limited in two ways: On-line chromato-
graphic sample introduction limits T to ∼1 s, so as to be able to acquire data for several
mass spectra during elution of a single chromatographic peak; and the time-domain
signal typically decays exponentially with time constant τ . Thus, S/N decreases with
time during acquisition, so that T should be no longer than 2–3 τ (19). (d ) Digital
spectral resolution may be improved by padding an N-point time-domain data set
with another N zeroes (zero-filling) before discrete FT. However, further zero-fills
distort the spectrum without adding new information (20). (e) Spectral peak shape
may be smoothed by multiplying the time-domain data by any of several apodization
waveforms that typically give more weight to the middle time-domain data than to the
initial and later data (14). Note that apodization may make the spectra appear better,
but actually reduces the information content—a good example of why one should
not rely on a visual evaluation of FT spectral data. (For a truncated time-domain sig-
nal, apodization can aid in peak-picking, by reducing the Gibbs oscillation “wiggles”
on either side of each peak.) In general, any weighting that effectively shortens the
time-domain signal must correspondingly broaden the frequency-domain spectral
peaks.
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3.2. Duty Cycle: External Ion Accumulation

Both ICR and orbitrap mass analyzers typically require ∼1 s for data acquisition,
storage, and processing. However, many of the most useful ionization sources gener-
ate ions continuously. Therefore, to not lose ions arriving during mass analysis, it is
useful to accumulate ions external to the mass analyzer and then inject them as soon
as the preceding data acquisition/processing cycle is complete (in fact the same is true
for TOF mass analysis). For ICR, ions are conveniently accumulated in a multipole
electric ion trap (21), whereas the orbitrap employs a curved multipole electric ion
trap termed the C-trap (22). The next problem is how to eject ions quickly from
the external trap, to minimize spatial spreading of ions of a single m/z. For ICR, ion
ejection may be synchronized by applying 10–30 V to tilted wires placed between the
rods of a multipole electric ion trap (23), whereas for the orbitrap, ions are pulsed
radially out of the C-trap by a direct-current voltage across two rods and by rapid
switching of the rf potential to zero. An advantage of the orbitrap is that the external
C-trap may be placed very close to the orbitrap to minimize TOF discrimination.

4. FOURIER TRANSFORM ION CYCLOTRON RESONANCE

Ions moving in a spatially uniform static magnetic field, B, rotate at a cyclotron
frequency, νc (Hz), where

νc = ezB/2πm, (4)

in which e is the elementary charge. At room temperature, typical ion cyclotron orbital
radii are at the submillimeter level; moreover, ions of a given m/z rotate with random
phase. Thus, to generate a detectable signal, it is necessary to resonantly excite the
ions with an oscillating or rotating electric field, to yield a spatially coherent packet of
ions of a given m/z. The motion of this ion packet gives rise to a time-domain signal
consisting of the difference in current induced on a pair of opposed electrodes (see
Figure 4). This signal is digitized and subjected to discrete fast Fourier transformation
to yield a spectrum of ion cyclotron frequencies, which may then be converted to a
spectrum of m/z.

4.1. Mass-Resolving Power

Introduced in 1974 (24), FT-ICR MS has evolved (25, 26) to become the highest-
resolution broadband mass analysis technique (27). It is easy to see why. Mass-
resolving power in a magnetic sector or TOF mass analyzer depends upon ion
path length during the experiment. The highest-resolution double-focusing elec-
tric/magnetic sector instrument had an ion path length of ∼7 m; a typical TOF
instrument has a path length of ∼ 1 m, and the multiturn TOF instruments cited
above have path lengths ranging from ∼20 to 600 m. By comparison, at 9.4 T (a mag-
netic field equivalent to 400 MHz for proton nuclear magnetic resonance), ions with
an m/z of 1000 have a cyclotron frequency of 144,346 Hz and travel 2π × 0.01 ×
144,346 = 9070 meters in one second. Stated another way, FT-ICR resolving power
(as defined above) is simply the number of cyclotron orbits during the data acquisition
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Figure 4
(a) Schematic representation of excited ion cyclotron rotation, (b) time-domain image-current
signal from opposed detection electrodes, (c) frequency-domain spectrum obtained by fast
Fourier transform of the digitized time-domain signal, and (d ) Fourier transform–ion
cyclotron resistance m/z spectrum obtained by calibrated frequency-to-m/z conversion. A
full-range mass spectrum (including computation) is typically generated in ∼1 s.

period (28): Thus, observation of the same 1000 m/z ions for 3 s yields a potential
mass-resolving power of up to m/�m50% ≈ 400,000. [Even without FT, ion cyclotron
frequency detected at liquid helium temperature has achieved single-ion detection
and mass accuracy to within better than 10−9 Da (29), but for low-mass ions and very
narrow bandwidth.]

From Equation 4, it is readily shown that ICR mass-resolving power varies as
1/(m/z). Moreover, broadband rf excitation and detection electronics are typically flat
over approximately a factor of 10 in frequency, and the ion optics that accumulate (21)
and transmit ions from the ionization source to the ICR cell in the bore of the magnet
also limit the m/z range. Thus, the instrument response is optimally flat over a partic-
ular mass range (200 < m/z < 1000; 400 < m/z < 2000, etc.) according to the choice of
excitation amplifier, detection preamplifier, and voltage amplitude/frequency applied
to ion collection and transmission multipoles.
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4.2. Nonideal Electric and Magnetic Field Profiles

FT-ICR MS provides much higher resolution and mass accuracy (sub-parts-per-
million) than one might expect, given that (a) the spatial inhomogeneity of the magnet
is 5–20 ppm over the volume of the ICR trap, (b) the electrostatic trapping potential is
not perfectly quadrupolar, and (c) the rf excitation electric field is not spatially uniform.
First, the cyclotron rotation of the ions averages out xy magnet inhomogeneity, much
as for spinning the sample in FT-NMR spectroscopy, and the axial oscillation of
ions along the magnetic field averages out magnet axial inhomogeneity. Second, the
trapping potential in an ICR cell of virtually any shape (cubic, cylindrical, rectilinear,
etc.) approaches quadrupolar near the center of the cell (30); thus, limiting ICR orbital
radius to ∼1/2 the cell radius reduces nonquadrupolarity. Third, the excitation electric
field may be made uniform either by capacitively coupling the end cap and excitation
electrodes (31) or by segmenting the end caps (infinity cell) (32).

4.3. Magnetic Mirror Effect

The high-field superconducting magnet of an FT-ICR instrument presents a special
problem, namely, how to inject externally formed ions through the magnetic field
gradient on their way to the ICR cell. The magnetic mirror effect can slow and even
reflect off-axis ions of low kinetic energy (33). The solution is to keep the ions focused
near-axis by enveloping them in multipole [e.g., quadrupole (34) or octopole (35)]
electric ion guides or focusing them along the magnetic field lines with electrostatic
lenses (36). The advantage of rf multipoles is that they continuously constrain ions
along the magnet axis so that small misalignment between the multipole axis and
magnet axis is negligible, whereas electrostatic lenses must be more accurately aligned
with the magnetic field. However, multipoles limit the m/z range of transmitted
ions.

5. ORBITRAP

The orbitrap confines ions in an electrostatic quadrologarithmic potential well (37)
created between carefully shaped coaxial central and outer electrodes [see Figure 5
(38)]. Ions are pulsed into the device so that they rotate around the central electrode
and oscillate along it with axial frequencies of ∼50–150 kHz for m/z of 200–2000. The
outer electrode is split into two halves to allow differential image-current detection
(39). Unlike ICR, ion excitation is not necessary to induce large amplitude, coherent
oscillations, but advantages of and uses for dipolar excitation are being explored and
high-resolution ion isolation has been achieved (40, 41). Instead, ions are injected
with the requisite coherent motion [by use of the C-trap (42, 43)], and detection
occurs immediately after all ions have been injected into the trap and after voltage
on the central electrode has stabilized (44). As for the orbitrap, it is possible to detect
coherent axial oscillation in a Penning (ICR) ion trap and to FT the signal to obtain
a mass spectrum (45); however, because the ion cyclotron rotational frequency is
typically much greater than the axial oscillation frequency in an ICR trap, cyclotron
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Figure 5
Schematic diagram of an orbitrap, showing ion injection (upper right) and subsequent ion
trajectory. Detection is based on splitting the outer ring electrode at the trap midplane and
detecting the difference in charge induced on the two halves. Figure adapted with permission
from Reference 38.

rotation is preferred for detection owing to its greater frequency dispersion (and thus
higher mass-resolving power).

5.1. Mass-Resolving Power

As for ICR frequency, the orbitrap axial oscillation frequency is independent of ion
energy and amplitude and is thus ideal for m/z analysis. As shown in Equation 5,
the axial frequency depends only upon the ion m/z and the field curvature k. From
Equation 5, it can be shown that mass-resolving power is one-half the frequency
resolving power and is proportional to 1/(m/z)1/2 (37). In this respect, the orbitrap is
unlike ICR (and similar to TOF), with the consequence that mass-resolving power
decreases more slowly with m/z (or, conversely, improves less at lower m/z):

νz = (ezk/m)1/2/2π. (5)

The orbitrap typically achieves a mass-resolving power of ∼60,000 at m/z of 400
in a 750-ms detection period. Resolving power is limited by the observation period
duration, collisions with residual gas molecules, imperfections in the electric field
(caused by, for example, the ion injection slot and/or inaccuracy of machining), and
instability of the high-voltage power supply.

5.2. Mass Accuracy

Orbitrap mass inaccuracy is typically <5 ppm for externally calibrated mass spectra
and <2 ppm for internally calibrated mass spectra (43). Because variability of external
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calibration is dominated by instability of the inner electrode voltage, the orbitrap and
its high voltage supply are thermally regulated. Internal calibration is limited by space-
charge effects. However, accurate mass measurement (<5 ppm) is maintained for
dynamic ranges greater than 5000 (46), which is similar to that for ICR measurements
and at least an order of magnitude higher than that for TOF (47).

5.3. Mass Range

The mass range for a single mass spectrum may be extended by the principle of
electrodynamic squeezing (37, 38). Ions are injected with several keV of kinetic en-
ergy while the voltage on the central electrode is ramped monotonically to higher
amplitude so that the ion motional amplitudes shrink by a few percent during an
axial oscillation period, preventing ion loss due to collisions with the outer electrode
and allowing ion injection to proceed over many oscillation periods (e.g., tens of mi-
croseconds for a typical mass range of m/z = 200–2000). A further delay of some tens
of milliseconds is required for voltage stabilization before image-current detection
proceeds.

6. SELECTED APPLICATIONS

6.1. High Mass Accuracy: What It Can and Cannot Provide

Every isotope of every chemical element has a different mass defect (i.e., differ-
ence between exact mass and the nearest integer). Thus, sufficiently accurate mass
measurement (to within ∼0.0001 Da) can uniquely identify elemental composition
(CcHhNnSsOo. . .). However, mass differences between isomers are too small (a dif-
ference of ∼1 eV in the heat of formation corresponds to a difference of ∼10−9 Da) to
measure in a broadband mass spectrum. The number of chemically distinct primary
structures of molecules less than ∼1000 Da in mass has been estimated to be greater
than 1060 (48). Even if the building blocks of a molecule were known (e.g., a peptide
consisting only of amino acids), more than half the pairs of peptides differing by up
to three amino acids would be positional isomers (e.g., ABC versus ACB versus BCA)
or substitution isomers (e.g., LeuAsn versus ValGln) (49). Thus, mass measurement
cannot always yield a unique amino acid composition for a given peptide, and mass-
based protein identification typically requires MS/MS (see below) to yield a sequence
tag of 4–5 consecutive amino acids.

6.2. Need for High Mass Resolution

High mass accuracy necessarily requires resolution to yield a single mass spectral peak.
For example, Figure 6 shows MS/MS product ion spectra from a marine toxin. If only
a single species were present, it would be possible to locate the center of a TOF mass
spectral peak to within (say) 1/100 of the peak width, to yield a mass-measurement
accuracy of a few parts per million. However, the TOF measurement in this case can
never identify the analyte because the signal consists of five unresolved components.
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Figure 6
Isobaric species at m/z of 178 in the infrared multiphoton dissociation product ion spectrum of
neosaxitoxin. The ion structures as well as their calculated exact masses are shown below the
spectrum. For comparison, the quadrupole mass filters (Qq; see text) time-of-flight
collision-induced dissociation (CID) spectrum is shown as a dashed line. This figure
demonstrates the need for high resolution prior to mass measurement. Figure adapted with
permission from Reference 72. Abbreviation: FT-ICR, Fourier transform–ion cyclotron
resonance.

Thus, for any initially unknown sample, it is essential to perform high-resolution
mass analysis first, to determine the number of species present.

6.3. Choice of Mass Analyzer

TOF mass analyzers have (in principle) no upper m/z limit and are thus particularly
advantageous for the detection of singly charged ions greater than 5000 Da in mass
(as generated by MALDI) and/or for applications requiring acquisition of more than
1 mass spectrum per second. TOF, ICR, and orbitrap mass analyzers each require a
pulsed ion source: either inherently pulsed (as for MALDI) or by sudden ejection of
ions accumulated continuously (as for ESI) in an external multipole ion trap. FT mass
analyzers (ICR and orbitrap) are optimal for ions of m/z < 5000 (e.g., singly charged
drugs, metabolites, and other organics and multiply charged biomacromolecules).
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Relative to FT-ICR MS, the orbitrap exhibits lower mass resolution and mass accu-
racy, but higher sensitivity and m/z range when ions are injected from an external
source.

6.4. Tandem Mass Spectrometry

For FT-ICR, ions may be dissociated either in the ICR cell (infrared multiphoton
dissociation, electron capture dissociation) or in an external electric multipole ion
trap (collision-induced dissociation, CID). (CID can be conducted in the ICR cell,
but subsequent high-resolution detection requires lengthy pump-down to remove
the collision gas.) Advantages of in-cell dissociation include the absence of ion loss
due to transmission, and TOF discrimination between the external ion trap and the
ICR cell. Moreover, electron capture dissociation (see below) is optimally conducted
with simultaneous or consecutive infrared heating (50). With the orbitrap, dissocia-
tion is conducted external to the orbitrap because the product ions form over a long
period compared to that of an axial oscillation, and therefore are not spatially coher-
ent for subsequent detection. Typical MS/MS modes for the orbitrap are CID and
electron transfer dissociation. Orthogonal TOF mass spectrometers typically employ
quadrupole mass filters (Qq) before the TOF for CID.

7. SELECTED APPLICATIONS

7.1. Proteomics

Improvements in MS instrumentation have led to tremendous growth in the field of
proteomics. High resolution (to resolve overlapping isotopic distributions and iden-
tify charge state) and accurate mass measurement [to improve identification confi-
dence and limit search space for faster data processing (51)] have led to new proteomic
methodologies. Top-down proteomics analyzes intact proteins (instead of enzymat-
ically digested peptides) to better characterize the protein state (52, 53), and has re-
cently been coupled to on-line liquid chromatography (54). Use of accurate mass tags
for digested proteins minimizes the need for time-consuming MS/MS-based peptide
identification and can, in principle, improve throughput (55). Protein quantitation is
also improved by accurate mass analysis (56, 57).

7.2. Protein Modifications

Posttranslational modifications (PTMs) play a critical role in many protein functions.
High-resolution, accurate mass, and sophisticated tandem MS have combined to al-
low identification, localization, and characterization of a variety of biologically rele-
vant protein modifications (58). Electron capture dissociation (59, 60) and electron
transfer dissociation (61) extensively cleave peptide backbone bonds while retaining
labile PTMs such as phosphorylation and glycosylation, thereby enabling PTM lo-
calization. Complementary collisional or infrared multiphoton dissociation results in
extensive characterization of glycosylation (50, 62). Each MS/MS technique benefits
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from high resolution and accurate mass, which are required to determine ion charge
state, resolve closely spaced mass doublets, and confidently assign isobaric PTMs.

7.3. Metabolomics

A metabolome is the complete set of low-molecular-weight (<∼1500 Da) metabo-
lites in an organism and varies with genotype, cell cycle stage, and environment. A
recently published database of the human metabolome includes ∼2600 endogenous
metabolites (and an additional 3300 drugs and food additives) (63) that vary over many
orders of magnitude in concentration and require multiple ionization techniques and
both mass spectrometer polarities to observe (64). Accurate mass analysis is a crit-
ical but insufficient component of metabolite identification, owing to the presence
of structural isomers and the lack of elemental constraints. Chromatographic sepa-
ration reduces mass spectral complexity, improves dynamic range, and can separate
isomeric structures (65). Furthermore, isotopic relative abundances and probabilis-
tic elemental constraints can reduce the number of possible elemental compositions

m/z
431.4431.3431.2431.1431.0

5σ

m/z
700640580520460400340280

*

63 spectral peaks above 5σ
62 spectral peaks not assigned
* not assigned 

APPI Negative-Ion 9.4-T FT-ICR MS

South American crude oil 12,449 assigned chemical formulas
average resolving power ≈ 400,000
RMS mass accuracy: 260 ppb

Figure 7
Atmospheric pressure photoionization negative ion 9.4-T Fourier transform–ion cyclotron
resonance (FT-ICR) mass spectrum of a South American crude oil, showing the largest total
number (and largest number spanning one Dalton) of assigned elemental compositions
published to date. Figure adapted with permission from Reference 73.
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(66, 67). For example, 3 ppm mass-measurement error coupled with 2% relative abun-
dance accuracy reduces the number of possible elemental compositions below that
of a mass spectrometer capable of 0.1 ppm mass error (FT-ICR MS is approaching
that value).

7.4. Petroleomics

The most complex organic mixtures (i.e., largest number of elemental compositions
within a concentration dynamic range of ∼104:1) are derived from petroleum and its
products. Ultrahigh-resolution (average m/�m50% > 300,000 for 200 < m/z < 1000)
MS can resolve and identify more than 10,000 different elemental compositions in
a single mass spectrum (see Figure 7). Such capability has spawned the new field
of petroleomics (68, 69), namely, the correlation and, ultimately, prediction of the
properties and behavior of petroleum and its products on the basis of knowledge of
its detailed chemical composition.

FUTURE ISSUES

1. Much of the development of high-resolution mass analyzers to date has been
guided by simulated single-ion trajectories in electric and magnetic fields.
Future improvements will rely on simulations that include ion-ion Coulomb
interactions as well as ion image charges on nearby electrodes.

2. Up to another twofold increase in mass-resolving power can be realized
by implementation of absorption-mode rather than magnitude-mode FT
spectral display (14).

3. Additional potential improvement in determination of spectral peak posi-
tions and amplitudes may become available from nonuniform time-domain
sampling (the FT requires equally spaced time-domain data points) and from
non-FT data reduction (14).

4. Because mass-measurement accuracy is directly proportional to mass spec-
tral peak height-to-noise ratio (3), any improvement in ionization efficiency
should translate into improved mass accuracy.
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