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Several approaches to ion activation in tandem mass spectrometry have been developed in recent years for use in
ion trapping instruments that allow for conditions to be reached wherein rates of ion activation and deactivation are
comparable. These approaches are deÐned as slow heating methods and include continuous-wave laser infrared
multiphoton dissociation, dissociation driven by blackbody radiation, quadrupole ion trap collisional activation and
sustained o†-resonance irradiation in ion cyclotron resonance mass spectrometry. In the limiting case in which ion
activation and deactivation rates are equal, a steady-state parent ion internal energy distribution is achieved and the
kinetics of dissociation can be interpreted in analogy with thermal dissociation. This discussion describes the
thermal analogy and the limiting conditions of rapid energy exchange and slow energy exchange along with the
possible ramiÐcations for dissociation rates and product ion spectra. The Ðgures of merit that the various slow
heating methods share as a class of activation methods are also discussed. The purpose of this perspective is to
provide a frame-of-reference from which slow heating methods can be considered. Such methods are seeing increas-
ing use as the number of ion trapping instruments grows and have shown remarkable success with dissociation of
high-mass ions. 1997 by John Wiley & Sons, Ltd.(

J. Mass Spectrom. 32, 461È474 (1997)
No. of Figs : 6 No. of Tables : 0 No. of Refs 113

KEYWORDS: tandem mass spectrometry ; slow heating methods ; collisional activation ; multiphoton dissociation ; ion
cyclotron resonance ; quadrupole ion trap

INTRODUCTION

Next to ionization, the most important reaction in mass
spectrometry is unimolecular dissociation. Fragmenta-
tion is generally the means by which mass spectrometry
can provide information about ion structure which, in
turn, often allows for inferences regarding the identity
and structure of the neutral species from which the ion
was derived. The fragmentation of organic ions that
takes place as a result of bombardment of neutral
species by 70 eV electrons (electron ionization), for
example, is the basis for the identiÐcation of unknowns
in the widely used technique of gas chromatography/
mass spectrometry.1,2 In this case, the excess internal
energy required to induce fragmentation at rates within
the time-scale of the instrument is deposited in concert
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with the ionization event. In tandem mass spectrom-
etry,3,4 on the other hand, the ionization reaction and
activation of an ion of interest are discrete events.
Hence, a variety of approaches to ion activation have
been explored over the past nearly three decades since
tandem mass spectrometry began development as an
analytical tool.

The Ðrst activation method used in tandem mass
spectrometry was kiloelectronvolt (laboratory frame of
reference) collisions of ions with a stationary (thermal
energy) gaseous target5h7 wherein single collisions were
most likely. Since then, a remarkably wide variety of
techniques and conditions have been reported for acti-
vating polyatomic ions. The current diversity in activa-
tion methods and conditions was motivated by a
variety of factors. In some cases, new forms of instru-
mentation for tandem mass spectrometry mandated
novel means for activation. The triple quadrupole
tandem mass spectrometer,8,9 for example, led to the
use of relatively low laboratory energy collisional acti-
vation largely as a result of the ion kinetic energy
requirement for optimal quadrupole mass analysis.
Similarly, collisional activation in an ion cyclotron
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resonance instrument10 usually takes place via rela-
tively low-energy collisions owing to limitations in
storage of kiloelectronvolt kinetic energy ions. In some
cases, new activation methods have been developed
directly as a result of deÐciencies of established activa-
tion methods in leading to structural information.
Surface-induced dissociation11 and electron-induced
dissociation12 are two such examples of activation
methods that have been explored as means for over-
coming limitations of collisional activation with gaseous
targets. Finally, some activation methods for analytical
mass spectrometry have grown from techniques used in
the ion chemistry community. For example, many of the
photodissociation techniques have roots in experiments
designed to probe fundamental aspects of unimolecular
dissociation.13h16

The di†erentiation of isomeric ion structures was an
early motivation for the development and use of ion
activation techniques. Since then, mixture analysis, tar-
geted compound detection and biopolymer sequencing
have also become applications that drive interest in
activation methods. In comparing and contrasting com-
peting methods, the following set of Ðgures of merit are
applied :
1. The amount of energy that can be deposited into the

ion ;
2. The distribution of energies deposited ;
3. How readily the deposited energy can be varied ;
4. How readily the reaction can be driven, as deter-

mined by factors such as cross-section (or rate
constant), number density and spatial overlap ;

5. The form in which energy is deposited, viz. electronic
or vibrational ;

6. The time over which activation occurs relative to the
time-frame for unimolecular reactions.
The sixth characteristic is the one that is used here to

distinguish between fast and slow activation methods.
Fast activation methods are those in which the activa-
tion event is fast relative to typical time-frames for
unimolecular reactions. Clearly within this category are
activation events that take place faster than or on the
time frame of a vibrational period, such as a single colli-
sion at high relative velocity and single UV or visible
photon absorption. An intermediate case is that of a
ÏÏstickyÏ or orbiting collision in which a relatively long-
lived collision complex is formed17 that may survive for
many vibrations prior to breakup. Slow activation
methods rely on multiple discrete activation events such
as multiple collisions or multiple photon absorption. In
these cases, the times between activation events can be
long, of the order of microseconds or longer, relative to
time-frames for unimolecular chemistry. Therefore, reac-
tions can occur during the course of the activation
process. This overview is focused on “very slowÏ activa-
tion methods, referred to herein as slow heating
methods, which are distinguished from “slowÏ activation
methods by the fact that deactivation processes (e.g.
cooling collisions or photon emission) occur during the
activation period, in competition with activation.

The purpose of this overview is to bring attention to
the increasing use of slow heating methods in analytical
mass spectrometry and to highlight the various tech-
niques with emphasis on their commonalities that dis-
tinguish them from faster activation techniques. Several

of these methods could themselves be the subject of a
lengthy review. The aim here, however, is simply to
provide a description of how each method works and
how it Ðts into the overall picture with respect to slow
heating of ions in tandem mass spectrometry (MS/MS).
SpeciÐcally, we discuss collisional activation methods,
such as sustained-o†-resonance-irradiation18 (and
related techniques) in ion cyclotron resonance mass
spectrometry, quadrupole ion trap collisional
activation19 and radiation-based techniques such as
continuous-wave infrared laser multiphoton disso-
ciation,20 and dissociation driven by the absorption of
blackbody radiation.21 The activation Ðgures of merit
are discussed further below, to provide a context within
which slow heating methods can be considered with
respect to other forms of ion activation, followed by a
discussion of the characteristics of slow heating includ-
ing the important limiting case in which heating and
cooling rates are equal. The Ðgures of merit of slow
heating methods are then discussed followed by brief
descriptions of the aforementioned slow heating
methods.

ACTIVATION FIGURES OF MERIT

The various Ðgures of merit for an ion activation
method are elaborated upon more fully in this section
to provide a context within which fast, slow and very
slow (slow heating) activation methods can be con-
sidered. It is important to recognize, however, that the
relative importance of each Ðgure of merit is application
dependent. It is for this reason, in part, that so many
forms and variations of activation methods are in use.

The magnitudes and distribution of energies that can
be deposited into an ion, the Ðrst two Ðgures of merit
mentioned above, are of obvious importance owing to
their roles in determining the identities and abundances
of product ions resulting from ion activation.22 The
most structurally informative dissociation channels are
not always those of lowest critical energy. It is therefore
desirable to be able to deposit sufficient energy to access
the dissociation channels of greatest interest. Further-
more, for particularly stable ions and for those with
many degrees of freedom, large energy transfers may be
necessary to drive decomposition at sufficiently high
rates for the time-scale of the MS/MS experiment. In
some activation methods, such as UV photo-
dissociation, the distribution of energies deposited into
the ion is very narrow and the magnitude is well
deÐned, whereas in others, such as keV (lab) collision
energy collisional activation, the energy transfer dis-
tribution tends to be quite broad and ill-deÐned.23

The third Ðgure of merit relates to the variability of
the above parameters (viz. energy magnitude and
distribution). Given the extremely wide range of parent
ion types that can be subjected to ion activation in an
MS/MS experiment, ranging from diatomic ions to
large biopolymers and from relatively loosely bound
species to those with high stabilities, it is clearly desir-
able to be able to vary the magnitude and, possibly, the
shape of the energy transfer distribution associated with
ion activation. The facility with which this can be done

( 1997 by John Wiley & Sons, Ltd. JOURNAL OF MASS SPECTROMETRY, VOL. 32, 461È474 (1997)



SLOW HEATING METHODS 463

varies with the activation method and, sometimes, with
the experimental conditions. For example, signiÐcant
changes in product ion spectra resulting from collisional
activation can often be observed as a result of changing
collision energy in the low (5È100 eV) collision energy
regime,24 whereas spectra derived from keV energy col-
lisional activation tend to be less sensitive to changes in
collision energy.4

The fourth Ðgure of merit (i.e. efficiency) is particu-
larly important for analytical applications in that it
deals with the cost, in terms of sensitivity and detection
limits, associated with the gains in speciÐcity and new
information a†orded by the MS/MS experiment. While
instrumental factors can play a major role in determin-
ing the fraction of parent ions that are converted into
detected product ions, the physics and chemistry of the
activation reaction and any competing processes are
also important. In beam-type experiments employing
collisional activation with a gaseous target, it is usually
most convenient to consider the activation reaction in
terms of a BeerÏs law relationship such as

[Mp`]\ [Mp`]0 e~npl (1)

where represents the parent ion Ñux in the[Mp`]0absence of the target gas, is the parent ion Ñux[Mp`]
after introduction of the target gas, l is the pathlength, n
is the target number density and p is the total ion loss
cross-section. In the absence of losses other than by dis-
sociation, p represents the cross-section for collisional
activation leading to dissociation, otherwise commonly
referred to as the cross-section for collision-induced dis-
sociation, In ion trapping instruments, it is oftenpCID .
more convenient to consider collisional activation
between stages of mass analysis in terms of rate con-
stants and reaction times, viz.

[Mp`]
t
\ [Mp`]0 e~nkt (2)

where represent the unreacted parent ion popu-[Mp`]
tlation after reaction time t, is the parent ion[Mp`]0population prior to reaction and k is the rate constant

for all ion loss processes. In the absence of any ion loss
processes other than dissociation, k is simply the rate
constant for collision-induced dissociation, kCID .

For most forms of ion activation, expressions ana-
logous to Eqn (1) or (2) can be written and are useful in
considering the extent to which parent ions can be con-
verted to product ions under the available experimental
conditions. Ideally, all of the mass-selected parent ions
can be converted into informative product ions. This
rarely occurs in practice but, as will be discussed further
below, it is most likely to occur in ion trapping instru-
ments using a slow or very slow activation method. This
follows from the ability to vary reaction time over
several orders of magnitude in most ion trapping instru-
ments. In beam-type instruments, the only variable in
Eqn (1) available to the experimentalist is n, the target
number density. A positive correlation between absolute
product ion yield and n may hold over a range of n but
eventually other ion loss processes, most notably scat-
tering, tend to dominate. In ion trapping instruments,
on the other hand, conversion of parent ions to product
ions can be altered either by increasing n, thereby
increasing the reaction rate as given by the product of n
and k, or by increasing t, the reaction time. Therefore, it

is often straightforward in ion trapping instruments to
increase the conversion of parent ion to product ions by
increasing reaction time so as to avoid any deleterious
e†ects associated with increasing the target number
density. An analogous measure in beam-type instru-
ments would be to vary the pathlength (i.e. the length of
the collision region), which is not ordinarily straightfor-
ward. However, it is important to recognize that beyond
the point at which zero or one activation event is most
likely, increasing reaction time or target number density
increases the probability of multiple activation events.
For typical cross-sections associated with collisions or
photon absorption, high conversion efficiencies can only
be obtained via multiple activation events, which
implies a slow or very slow activation method.

The Ðfth characteristic is included to account for situ-
ations in which the ion may not behave statistically.25
That is, for example, in cases in which fragmentation
from an excited electronic state is faster than conversion
to excited vibrational levels of the electronic ground
state, in violation of the usual assumption in statistical
theories of mass spectra26h28 that internal energy
equilibration is fast relative to fragmentation rates. In
these cases, product ion spectra derived from activation
methods that initially deposit energy via promotion of
the ion to an excited electronic state versus those that
directly induce vibration in the electronic ground state
can lead to di†erent fragmentation behavior for reasons
other than di†erences in the energy transfer distribu-
tion. An elegant example of such a situation has recent-
ly been described by Shukla et al.29 for ionized acetone
using collisional activation under di†erent collision
energy conditions.

The sixth characteristic listed above for an activation
method distinguishes between fast and slow activation
methods. If chemistry can occur during the activation
process, such as rearrangement or fragmentation, the
activation process is classiÐed as being “slowÏ. This
ordinarily implies multiple activation events spaced
over a time period that is long with respect to
unimolecular reaction rates. A wide variety of condi-
tions in mass spectrometry has been used to induce dis-
sociation via slow activation. These include collisional
activation in beam-type tandem mass spectrometers
using target number densities that give rise to multiple
collisions30h37 and dissociation in the atmosphere/
vacuum interface in electrospray ion sources (e.g.
nozzleÈskimmer dissociation38). Slow heating methods,
which involve both ion heating and ion cooling steps
during the activation period, include thermal heating at
near atmospheric pressure in an electrospray ion
source39,40 (not an MS/MS experiment), and the slow
heating methods mentioned in the Introduction and dis-
cussed further below.

CHARACTERISTICS OF SLOW HEATING
METHODS

For the purpose of this overview, we have categorized
activation methods as being either fast, slow or very
slow. In reality, the various approaches to ion activa-
tion fall on a scale ranging from activation that takes
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place on the time-scale of electron motion, as in UV
photodissociation, to very slow heating methods,
wherein Boltzmann statistics can be applied. Reviews of
photodissociation have generally covered both single
and multiphoton absorption situations.13h16,41h44
Most reviews of collisional activation, using either
gaseous targets45h54 or a solid surface target,55,56 on
the other hand, have largely addressed single collision
dynamics. The dynamics of single activation events
obviously also apply to slow and very slow activation
methods. However, the fact that very slow activation
methods involve multiple discrete activation events that
occur over an extended period of time allows for other
processes, such as deactivation events, rearrangements
and sequential fragmentation reactions, to a†ect the
product ion spectrum. Even among the slow and very
slow activation methods, there is signiÐcant variation in
experimental conditions that can make for subtle but
signiÐcant di†erences in the appearance of product ion
spectra derived therefrom. These di†erences include, for
example, the average time between activation/
deactivation events, the magnitudes of energy gain/loss
and the rates at which reactions are driven.

While there can be signiÐcant variation in the mecha-
nisms and conditions for energy transfer among the
various activation methods, it is instructive to classify
them on the basis of activation time. Figure 1 shows a
time-scale ranging from 10~16 to 103 s, which rep-
resents the time range for activation methods currently

being used in tandem mass spectrometry. The time over
which activation occurs with various commonly used
activation methods is indicated to the right of the time-
scale. At short times, activation is bounded by the
fastest chemical events, viz. those based on electron
motion. Since the time associated with the orbital
motion of a valence electron is about 10~15 s, ion acti-
vation cannot occur much faster than this without
recourse to excitation of core electrons. At long times,
practical considerations, such as ion storage efficiencies
and analysis times, become limiting factors.

In considering Fig. 1, it is important to distinguish
between activation time, as indicated in the Ðgure, and
the time associated with a single activation event during
an activation process. In the case of activation by a
single event, as in UV photodissociation e†ected under
conditions in which the probability of the absorption of
two or more photons is low, or in collisional activation
under single collision conditions, the single activation
event constitutes the entire activation process. The acti-
vation time and the time for the activation event are the
same. However, when activation involves multiple acti-
vation events, the activation process is generally far
longer than the individual activation events that make
up the process. Single-event activation processes, such
as collisional activation on a surface or with a gas and
activation by absorption of a single photon, are there-
fore the fastest methods for ion activation. For cases in
which multiple activation events are likely, the time for

Figure 1. Typical ranges of activation times associated with various activation methods in tandem mass spectrometry. EID ¼electron-
induced dissociation; SID ¼surface-induced dissociation; CA ¼collisional activation; (beam) ¼typical conditions used in a beam-type
tandem mass spectrometer ; ICR-SORI ¼ion cyclotron resonance sustained off-resonance irradiation; cw IRMPD ¼continuous wave infra-
red multiphoton dissociation.
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the activation process spans the entire period over
which excitation events can occur. In the case of col-
lisional activation in a beam-type instrument operated
with target gas pressures sufficiently high that multiple
collisions are likely, the time of the activation process is
equal to the time the ion takes to pass through the colli-
sion region. In the case of photodissociation using
power levels sufficiently high that multiphoton absorp-
tion is likely, the time of the activation process is equal
to the pulse length. The two examples just given consti-
tute activation processes of intermediate length. In the
latter case, nanosecond laser pulses are common-
place15,57h59 whereas collisional activation under multi-
ple collision conditions in a beam-type tandem mass
spectrometer occurs over a time of the order of ten
microseconds. This discussion is focused on methods
that employ activation periods in excess of D10~2 s.

Very slow activation methods are being used increas-
ingly, in large part owing to the growth in the use of ion
trapping instrumentation, most notably quadrupole ion
trap and the ion cyclotron resonance instruments.
While there are signiÐcant di†erences in the various
forms of slow heating, in the limiting case, they all tend
to lead to an ion population with either a Boltzmann
internal energy distribution or a truncated Boltzmann
distribution.60 For this reason, it is instructive to review
brieÑy unimolecular dissociation kinetics under thermal
conditions.

Competition between excitation and de-excitation
events in a slow heating method results in a distribu-
tion of parent ion internal energies. For the limiting
cases in which excitation/de-excitation rates far exceed
the unimolecular dissociation rate, the distribution is
Boltzmann for a polyatomic ion and the parent ion
population can be described as having an internal tem-
perature, In the other limiting case (i.e. theTinternal .unimolecular dissociation rate is much greater than
exitation/de-excitation rates), the high-energy tail of the
distribution above the dissociation energy, is per-E0 ,
turbed resulting in a truncated Boltzmann distribution
(see below). Distributions between these two limiting

cases result when the unimolecular dissociation rate and
excitation/de-excitation rates are comparable. A qualit-
ative picture for the evolution of the parent ion internal
energy distribution arising from a very slow activation
method is illustrated in Figure 2, assuming the parent
ion population to have an initial distribution of rela-
tively low internal energies curve) at(Tinternal\ 298 K
activation time t \ 0. Initiation of ion activation, either
by collisional activation or photon irradiation, results in
a situation in which the probability of an excitation
event exceeds that of a de-excitation event. As long as
this situation prevails, the parent ion internal energy
distribution shifts to higher energies. Eventually, a
steady-state condition is achieved in which the excita-
tion and de-excitation rates are equal and the parent
ion population is characterized by a higher Tinternalcurve). Provided the high-energy tail(Tinternal\ 500 K
of the distribution exceeds to an extent that a mea-E0surable rate of fragmentation can be observed, a
product ion spectrum can be obtained. The following
development discusses in somewhat more detail the
factors determining the observed rate of parent ion dis-
sociation when the ion population reaches a steady-
state condition.

In the general case, the kinetic scheme for thermal
unimolecular reactions is

AB` A8B

k~c*M+`k~r

kc*M+`kr
AB`* ÈÈÈÕkuni

A`] B (3)

where AB` is the parent ion, AB`* is the activated
parent ion, A` and B are the ionic and neutral frag-
ments, respectively, is the collisional activationkc[M]
rate involving collision partner M, is the photonkrabsorption rate, is the collisional deactivationk~c[M]
rate and is the photon emission rate. A delay timek~rexists between ion activation (i.e. when sufficient inter-
nal energy for dissociation has accumulated in the
parent ion) and dissociation during which deactivation
by another collision can occur, so that [AB`*] reaches
a steady-state. Therefore, the observed fragment ion for-
mation rate, depends on thed[A`]dt \ kdiss[AB`],

Figure 2. Hypothetical parent ion internal energy distributions for a parent ion population prior to ion activation and(T
internal

¼298 K)
after parent ions have reached the steady-state condition while undergoing a slow heating activation process.(T

internal
¼500 K)
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relative values of the activation rates, the deactivation
rates, and the unimolecular dissociation rate constant,

as shown in the equation 4.kuni,

kdiss\
kuni(kc[M]] kr)

k~c[M] ] k~r] kuni
(4)

Figure 3 shows a plot of versus log [M] forlog kdisss~1, and cm3 molecule~1 s~1kuni\ 106 kc k~c \ 10~9
and and s~1. While in practice several ofkr k~r\ 10
these rates are energy dependent (see below), Figure 3
shows qualitatively the expected dependence of onkdiss[M] for the common situation in which exceedskuni krand k~r .It is instructive to consider the limiting cases in which
the activation and deactivation rates greatly exceed the
unimolecular dissociation rate and vice versa. This is
done within the context of the Lindemann theory of
thermal unimolecular reactions,61,62 which ignores
photon absorption and emission. However, gener-
alization of the following development to include
photon absorption/emission is straightforward. In the
Lindemann theory, an equilibrium condition is reached
when the collisional excitation and relaxation rates sig-
niÐcantly exceed so thatkuni ,

kdiss \
kuni kc[M]
k~c[M]

\ kuni
kc

k~c
(5)

In this situation, referred to as the high pressure or fast
energy exchange limit, the fraction of activated ions

from microscopic[ABeq`*][AB`] (\kc/k~creversibility) reÑects a Boltzmann distribution of inter-
nal energies. The situation is reversed in the low-
pressure or slow energy exchange limit (i.e. the
activation and deactivation rates are small relative to

so that the observed dissociation rate reÑects thekuni),activation rate :

kdiss \ kc[M] (6)

Unlike the rapid energy exchange situation, in which
is determined by the equilibrium established[ABeq`*]

by activation/deactivation with a negligible contribu-

tion from dissociation, the slow energy exchange case
gives rise to a steady-state concentration of the activ-
ated complex, Figure 4 shows two hypotheti-[ABss`*].
cal ion internal energy distributions illustrating the case
in which dissociation is rate-limiting (rapid energy
exchange) and the case in which the activation is rate-
limiting (slow energy exchange).

A further consequence of the one-step activation
process in Lindemann theory is that each collision of
[AB`*] results in deactivation, an approximation
termed the “strong collisionÏ assumption, so that

where u is the collision frequency. Thenk~c[M]\u,
the equilibrium relaxation rate for activated ions is

and the principle of detailed balancingu[ABeq`*]
requires that the activation rate at equilibrium or steady
state is also Equating the steady-state ratesu[ABeq`*].
of [AB`*] formation and loss then gives

u[ABeq`*] \ (u] kuni)[ABss`*] (7)

Solving for and recognizing that d[A`]dt \[ABss`*]
gives the equationkuni[ABss`*]\ kdiss[AB`]

kdiss\
kuniu

u] kuni

[ABeq`*]
[AB`]

\
P
E0

= u
u] kuni

kuni(E)P(E) dE (8)

which is valid for the strong collision case at any energy
exchange rate. P(E) is the Boltzmann distribution func-
tion and is zero below Therefore, the observedkuni E0 .
(pressure-independent) rate constant at the fast energy
exchange limit is the product of the(u? kuni)unimolecular dissociation rate constant and the Bolt-
zmann fraction of parent ions that are activated :

kdiss \ kuni
[ABeq`*]
[AB`]

\
P
E0

=
kuni(E)P(E) dE (9)

Furthermore, at the slow (pressure-dependent) energy
exchange limit the observed is deter-(kuni?u), kdissmined by the product of collision frequency and the

Figure 3. Log versus logÍMË for a hypothetical ion with sÉ1, and and andk
diss

k
uni

¼106 k
c

k
Éc

¼10É9 cm3 moleculeÉ1 sÉ1 k
r

k
Ér

¼10
sÉ1, as determined using Eqn (4).
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Figure 4. Hypothetical steady-state internal energy distributions for parent ions undergoing dissociation during the course of a slow
heating activation process in (a) the rapid energy exchange limit and (b) the slow energy exchange limit. The lengths of the arrows indicate
the relative magnitudes of the relevant rates. See text for definitions of the various symbols.

Boltzmann fraction of activated parent ions :

kdiss\ u
P
E0

=
P(E) dE (10)

The of Eqn (9) is frequently referred to as the high-kdisspressure Ðrst-order limit, whereas the of Eqn (10) iskdissoften referred to as the low-pressure second-order limit.
The above discussion of thermal unimolecular reac-

tions at the high-and low-pressure limits for the strong
collision case is useful in illustrating the roles of the
relative rates of collisional activation, collisional deacti-
vation and unimolecular dissociation in determining the
observed fragmentation kinetics. However, the weak
collision case is probably more applicable to the slow
activation methods discussed in this review under most
conditions. In such situations, excitation proceeds via
small energy-exchange events (average energy-step size,
e), with up-steps ultimately being balanced by down-

steps at the steady state. Thus, the collisional deactiva-
tion rate, for strong collisions can bek~c[M]\ u,
replaced by the corresponding expression for weak col-
lisions at the steady state :63

k~c[M] \ u
P
E0`e

E0
P(E) dEPdown(E0] e, E0)

\ kdeact (11)

where is the probability that anPdown(E0] e, E0)energy down-step from within the interval (E0] e, E0)will fall below Furthermore, at the steady state,E0 .

kdeact\ kact \ u
P
E0~e

E0
P(E) dEPup(E0[ e, E0) (12)

where is the probability that an up-stepPu(E0[ e, E0)from within the interval will exceed Use(E0[ e, E0) E0.
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of the approach presented in the development of Eqn (8)
leads to the following expression for in the weakkdisscollision case at any energy exchange rate :

kdiss \
kact

kuni] kact

P
E0

=
kuni(E)P(E) dE (13)

At the fast energy exchange limit Eqn (13)(kact? kuni),reduces to the same expression as given for in thekdissstrong collision case (Eqn (9)). However, the slow energy
exchange limit for di†ers from that obtained in thekdissstrong collision situation (Eqn (10)) by the second inte-
gral in Eqn (14), which is less than unity :

kdiss\ u
P
E0

=
P(E) dE

P
E0~e

E0
P(E) dEPup(E0[ e, E0)

(14)

Whether the slow heating method is performed under
conditions of rapid or slow energy exchange has impor-
tant implications with respect to the relationship
between the experimentally observed dissociation rate,

and fundamental properties of the ion, such as thekdiss ,dissociation threshold. In the case of the rapid energy
exchange limit, the situation is straightforward in that

is determined by the unimolecular dissociation rate,kdiss of a population of ions with a Boltzmann distribu-kuni ,tion of internal energies (see Eqn (9)). A plot of ln kdissversus 1/T yields the true Arrhenius activation energy
(via the slope) and pre-exponential factor (intercept).
Provided conditions of rapid energy exchange are estab-
lished, all methods of activation yield the same result.
The situation is much more complex, however, in the
slow energy exchange regime. In this case, reÑectskdisscharacteristics of the activation method as well as the
dissociation threshold (through the integral expressions
in Eqn (10) or (14)). Determination of the quantitative
relationship between and the dissociation thresh-kdissold, therefore, requires modeling of the activation
process.

The appearance of the tandem mass spectrum may
also be a†ected by the activation method depending
upon which energy transfer regime, fast versus slow,
applies. In the rapid energy transfer case, the internal
energy distribution of the parent ions that yield Ðrst-
generation product ions is deÐned by the Boltzmann
equation and is therefore independent of the nature of
the activation method. On the other hand, in the slow
energy transfer regime, di†erences in the magnitudes
and distributions of the energy step sizes associated
with the various activation methods could result in dif-
ferences in the internal energy distributions of the frag-
menting ions. Such a di†erence, in turn, could lead to
di†erences in the identities and relative abundances of
the Ðrst-generation product ions in tandem mass
spectra obtained using di†erent activation methods,
despite the fact that the energy distributions of the non-
fragmenting parent ions are very similar. In either the
fast or slow energy exchange regime, the appearance of
the tandem mass spectrum can also be signiÐcantly
a†ected by the conditions applied to the product ions.
In some cases, for example, Ðrst-generation product
ions are not subjected to further activation whereas in
other cases, product ions can themselves undergo
further activation.

SLOW HEATING METHODS IN TANDEM
MASS SPECTROMETRY

This discussion is focused on activation methods that
employ activation periods of D10~2 s or greater. The cri-
terion used here to distinguish a “slow heatingÏ method
from other forms of activation is that a condition is
reached in which the rates for activation and deactiva-
tion are equal, yielding a steady-state parent ion inter-
nal energy distribution. While such a condition can be
achieved in less than 10~2 s, activation periods in ion
trapping instruments are at least this long to allow for
efficient conversion of parent ions to product ions. The
activation period itself is chosen to be consistent with

which, in turn depends upon either the activationkdissrate (slow energy exchange, Eqn (10) or (14)) or the
unimolecular dissociation rate (rapid energy exchange,
Eqn (9)). The variation in activation periods among the
slow heating methods (see Figure 1) is largely due to
di†erences in activation conditions that lead to di†er-
ences in kdiss .The major slow heating methods involve heating and
cooling via collisions, photon absorption/emission or
both. For the collision-dominated methods in ion trap-
ping instruments, the commonly employed tactic is to
accelerate the ions in a more or less continuous fashion
in the presence of background atoms or molecules. An
upper limit to the achievable is imposed byTinternalparent ion ejection from the trap. That is, the upper
limit to kinetic energy for ion storage leads to an upper
limit to the achievable The collisionlessTinternal .methods, on the other hand, do not involve parent ion
acceleration. Furthermore, the collision methods
usually involve parent ion acceleration that is mass-to-
charge ratio dependent such that product ions once
formed are not subjected to ion acceleration. The colli-
sionless methods, however, typically yield product ions
that can undergo further activation under essentially
the same conditions as the parent ions. Therefore, the
extent to which products from sequential ion decompo-
sition appear in tandem mass spectra derived using the
various slow heating methods can di†er, as mentioned
above. The major slow heating methods so far
employed within the context of a tandem mass spectro-
metric experiment are brieÑy discussed below.

Infrared multiphoton dissociation using low power cw
lasers

Infrared multiphoton dissociation (IRMPD) has been
e†ected both with high-power pulsed lasers
(MW cm~2)57h59 and with relatively low \100 W
cm~2) continuous-wave (cw) lasers using irradiation
times of tens to hundreds of milliseconds.13h16,20,64h80
The latter approach constitutes a slow heating method
and has been implemented primarily in ion cyclotron
resonance13h16,20,64h73 and quadrupole ion trap74h80
instruments. The major distinction between the two
approaches to IRMPD arises from the importance of
spontaneous IR emission from the ion during the acti-
vation process. In the case of high-power pulsed
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IRMPD, spontaneous IR emission during the laser
pulse is negligible, thereby making the dissociation yield
dependent solely on laser Ñuence and not on laser inten-
sity (at constant Ñuence). Dissociation yields using low-
power cw IRMPD, on the other hand, are highly
dependent upon the laser intensity at constant Ñuence.
Much of the work using low-power cw IRMPD to date
has emphasized the tendency of the technique to
promote the lowest energy decomposition reaction.

Applications have been largely focused on ion chem-
istry issues of modest sized polyatomic ions. Recently,
however, Little et al.73 have reported the use of low-
power IRMPD for multiply charged biomolecules of
mass in the tens of kilodaltons in an ion cyclotron
resonance instrument. A number of attractive features
of this approach were noted including the rich structur-
al information that resulted, which contrasted with the
formation of small uninformative fragments resulting
from the use of UV photodissociation.81 In contrast
with collisional activation methods, which require the
use of higher background pressures and acceleration of
the ion population, photodissociation leads to minimal
perturbation of ion motion in the ion cyclotron reso-
nance cell with consequent advantages in mass mea-
surement. Stephenson et al.79 have also recently
demonstrated slow IRMPD of biologically relevant ions
in a quadrupole trap. It seems likely, therefore, that cw
IRMPD may see increasing application as an activation
method for structural studies of bio-ions.

Dunbar and co-workers60,70h72have modeled the cw
IRMPD process to explore the possibility of deriving
fundamental information, such as thresholds for disso-
ciation, from the experimentally derived dissociation
rate. Much of this modeling e†ort has direct relevance
to other slow activation methods and provides insights
into various phenomena, such as photon absorption,
emission, dissociation and collisions, that can take place
during the activation period. In general terms, Dunbar
and co-workers showed that an ion population exposed
to low-power IR irradiation achieves a Boltzmann dis-
tribution of internal energies, which can be speciÐed in
terms of an internal temperature that is directly related
to laser intensity. The kinetics of dissociation can there-
fore be treated on the basis of Boltzmann statistics, with
some adjustments arising from the e†ect of dissociation
on the shape of the internal energy distribution,
resulting from the fact that the slow energy exchange
condition applies to the modeled ions. An Arrhenius
activation energy is derived from the experimentally
derived rate, which, in turn, is related to the critical
energy for dissociation via a modiÐed form of the
Tolman theorem.60

In modeling cw IRMPD, it is assumed that the disso-
ciation kinetics do not reÑect a rate-limiting passage
through an energy bottleneck in the laser up-pumping
process. Rather, for ions in the slow energy exchange
regime, dissociation kinetics are determined by the laser
up-pumping processes near dissociation threshold.
Moderately large polyatomic ions at room temperature
are generally characterized by vibrational state densities
in excess of the bandwidth of a typical IR laser and are
therefore considered to be in the quasi-continuum of
vibrational states thereby making the above assumption
a reasonable one.

Dissociation by blackbody radiation

It has recently been demonstrated that ion activation
via absorption of blackbody radiation under essentially
collision-free conditions can lead to ion disso-
ciation.21,82h89 The high vacuum environment of the
ion cyclotron resonance instrument and its ability to
allow for long storage times have allowed for the clear
demonstration that the dissociation rate does not
extrapolate to zero at zero pressure for some ions,
thereby implicating dissociation driven by photo-
dissociation. Dunbar84 recognized the close similarity
between this phenomenon and the cw IRMPD experi-
ment and described the kinetics for blackbody
radiation-driven dissociation in the same terms used for
cw IRMPD. Indeed, the blackbody case is the simplest
to model and therefore promises to be an e†ective
means for the study of thermochemical aspects of ion
dissociation.

WilliamsÏ group has examined the blackbody
radiation-driven dissociation of a variety of ions derived
from biopolymers87h89 with attention paid both to ana-
lytical aspects of the phenomenon and to the disso-
ciation kinetics for high mass ions. They have shown,
for example, that ions derived from bovine ubiquitin
can be dissociated with essentially 100% efficiency at
200 ¡C over a period of 20 s. It was also pointed out
that blackbody-driven dissociation enjoys many of the
advantages of cw IRMPD but requires no laser. As with
the other very slow activation methods, however, disso-
ciation reactions requiring the least energy tend to
dominate the spectrum. Furthermore, particularly
stable ions, an example was shown to be triply proto-
nated melittin,87 may require temperatures in excess of
200 ¡C to observe fragmentation.

An interesting consequence of the large number of
degrees of freedom of high-mass bio-ions is that the
kinetics of dissociation driven by blackbody radiation
yield the ÏÏhigh-pressureÏ limit or rapid energy exchange
result despite the fact that the ions undergo an insigniÐ-
cant number of collisions.89 That is, the rate of energy
exchange by photon absorption and emission is rapid
relative to the dissociation rate of the excited ion

so that is given by Eqn (9). Strong(kr , k~r ? kuni) kdissevidence was presented by Price et al.89 that ions
derived from bovine ubiquitin underwent dissociation
at pressure-independent rates, consistent with those
expected for the rapid energy exchange limit despite the
fact that collision rates were far too low to give rise to
this condition. This study is the Ðrst to demonstrate
achievement of the rapid energy exchange condition
within the context of a tandem mass spectrometric
experiment. The dissociation rate can therefore be used
to obtain the true Arrhenius activation energies and A-
factors directly, providing a highly useful tool for the
study of bio-ion dissociation.

Quadrupole ion trap collisional activation

Collisional activation in the quadrupole ion trap was
Ðrst demonstrated using parent ion acceleration via
resonance excitation with relatively low (\1 V zero-to-
peak) resonance excitation voltages and activation times
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of less than 100 ms.17 In fact, ion activation times as
short as 10 ms can yield a sufficient number of collisions
to produce high dissociation efficiencies.17,90,91 These
activation times are relatively short for a slow heating
method and primarily reÑect the relatively high collision
rates resulting from the use of helium as a background
gas at roughly 1 mTorr (1 Torr \ 133.3 Pa). While a
variety of other approaches to parent ion acceleration
for the purpose of collisional activation in the ion trap
have been described,92h96 the single frequency reson-
ance excitation approach is emphasized here because of
its wide usage and the fact that ion dissociation energies
have been empirically correlated with resonance excita-
tion voltages required to achieve a Ðxed value of

Such behavior is expected for ions thatkdiss.97,98achieve the steady-state internal energy condition,
which results from the use of a continuous ion acceler-
ation method (see below).

A mathematical model and related random walk
simulation for the collisional activation process have
been developed using the kinetic theory of ion transport
in gases, the forced damped harmonic oscillator model
for resonance excitation and thermal activation
theory.99,63 Although this model does not account for
complexities introduced into the parent ion acceleration
process associated with non-linear ion traps,100,101 it
demonstrates qualitatively the evolution of events in the
collisional activation process. The overall thermal
picture applies for any continuous ion acceleration
method. Figure 5 shows the results of a random walk
simulation of the ion internal energy distribution of a
population of n-butylbenzene molecular ions
(dissociation neglected) subjected to on-resonance exci-
tation (215 mV) for 57 ms (104 ionÈhelium collisions) in
the presence of room temperature helium at 1 mTorr.
Regardless of the assumed initial parent ion internal
energy distribution, the Ðnal steady-state distribution in
shown in the Ðgure. The points show the results of the
simulation and the curve is a calculated Boltzmann dis-
tribution for K. In analogy withTinternal\ 500

DunbarÏs work in modeling cw IRMPD, in which it was
shown that low-intensity cw irradiation of an ion popu-
lation at a Ðxed frequency leads to a Boltzmann dis-
tribution of internal energies (for a non-fragmenting ion
population),60 single-frequency resonance excitation in
the quadrupole ion trap also leads to a Boltzmann dis-
tribution of parent ion internal energies at the steady
state. The simulation of Figure 5 was allowed to run for
tens of milliseconds. However, the model suggests that
the steady-state condition is reached relatively early in
the resonance excitation process.

Figure 6 shows a calculated Boltzmann distribution
of internal energies for n-butylbenzene at 300 K and
results of a random walk simulation using the condi-
tions leading to the result of Figure 5 for 10 collisions
(diamonds) and 100 collisions (Ðlled circles). It is appar-
ent that signiÐcant changes in the internal energy dis-
tribution occur for just 10 ionÈhelium collisions. By the
time 100 collisions have occurred (\1 ms of resonance
excitation), the steady-state condition has been reached
(i.e. a Boltzmann distribution for K hasTinternal\ 500
been achieved). No further changes in the distribution
are observed as more collisions occur. The steady-state
condition is reached quickly relative to typical values of

indicating that, under common experimental con-kdiss,ditions, parent ions can achieve the steady-state condi-
tion before extensive dissociation occurs and that kdissmight be modeled based on either the rapid energy or
slow energy exchange conditions. The observed forkdissn-butylbenzene ions has been modeled using the
assumption of parent ion “sudden deathÏ, which corre-
sponds to the slow energy exchange condition and weak
collisions yielding results qualitatively consistent with
experiment.63 While quantitative reproduction of the
experimental results would probably be fortuitous at
this stage in the development of the model, given uncer-
tainties in the collisional energy transfer parameters in
the model, uncertainty in the dissociation threshold for
the ion and the simplistic assumption of harmonic
parent ion motion in a pure quadrupole Ðeld, it shows

Figure 5. Results of a random walk simulation of the ion internal energy distribution of a population of n-butylbenzene molecular ions
(dissociation neglected) subjected to on-resonance excitation (215 mV) for 57 ms (104 ion–helium collisions) in the presence of room
temperature helium at 1 mTorr.
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Figure 6. Calculated Boltzmann distribution of internal energies for n-butylbenzene ions at 300 K (solid line) and results of a random walk
simulation using the conditions leading to the result of Fig. 5 for 10 collisions (diamonds) and 100 collisions (filled circles).

the experimentally observed induction period and expo-
nential parent ion loss.

Ion cyclotron resonance collisional activation

To deposit relatively large amounts of internal energy
per collision and to minimize ejection for precursor
ions, conventional collisional activation in ICR-MS is
achieved with a short duration (hundreds of ls), rela-
tively high-amplitude (hundreds of volts) radiofrequency
excitation pulse at the resonant frequency of the precur-
sor ion.102h104 Two variations of the on-resonance exci-
tation method have been developed to allow for slow
heating without increasing ion losses due to ejection :
sustained o†-resonance irradiation (SORI)18 and very
low energy collisional activation (VLE-CA).105,106 Both
approaches involve a more or less continuous process of
parent ion acceleration and deceleration and are there-
fore expected to give rise to a steady-state internal
energy distribution, at least under some conditions. A
related technique, multiple excitation collisional activa-
tion (MECA),107 can also enhance the dissociation effi-
ciency by repeated excitation of any intact parent ions
which have returned to the center of the ion cell due to
kinetic energy-dissipating ionÈneutral collisions. The
overall duration of a sequence of many such excitationÈ
relaxation cycles may extend into the time regime
associated with very slow activation methods. However,
conventional pulsed resonant excitation is used for each
individual activation event so that a steady-state condi-
tion of energy up- and down-steps may not be reached.
All of these modiÐed methods share the characteristics
of increased resolving power in the second stage of mass
spectrometry (owing to minimal ion cloud distortion
and the associated longer lasting transients) and
minimal secondary fragmentation.

In the SORI technique, a signal shifted away from the
resonant frequency is used for ion excitation, so that
ions undergo many accelerationÈdeceleration cycles
during the excitation period.108 Because the ion trans-

lational energy is small compared with on-resonance
excitation, much longer ion activation times can be
achieved without signiÐcant ion ejection. Using a non-
resonant frequency corresponding to an m/z value
greater than a (singly charged) precursor ion avoids
ejection or excitation of product ions, i.e. blind spots.
However, two separate experiments at di†erent excita-
tion frequencies are required for multiply charged pre-
cursor ions because product ions appear at m/z values
on either side of the precursor.109 SORI has been
shown to be e†ective in dissociating both relatively
small ions17 and larger ions derived from peptides110
and proteins.109 Marzlu† and Beauchamp111pointed
out that the SORI process is amenable to modeling via
a master equation analysis, just as cw IRMPD, ion trap
collisional activation and dissociation driven by black-
body radiation are and gave a preliminary report of
application to SORI.

Very low energy collisional activation

As in SORI, the kinetic energy of precursor ions is mod-
erated by multiple accelerationÈdeceleration cycles,
albeit by repeated phase inversion of the resonant exci-
tation signal.112 High-resolution control of the kinetic
energy is achieved by adjustment of the signal ampli-
tude and delay between 180¡ phase shifts.105,106
However, blind spots can also appear with this method
because rapid phase inversion produces a frequency-
domain excitation spectrum having a Lorentzian-like
envelope of evenly spaced spikes centered at the reso-
nance frequency. A variation of the VLE-CA method,
referred to as RAM-CAD,109 limits the number of
spikes to two by amplitude modulation of the unshifted
resonance excitation signal.

Although there are di†erences in how parent ion
acceleration is e†ected, the dynamics of SORI and
VLE-CA appear to be very similar and the two
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methods yield similar results. VLE-CA should also be
amenable to modeling in analogy with the other slow
heating methods, but no reports on this topic have
appeared.

FIGURES OF MERIT OF SLOW HEATING
METHODS

While the reader is encouraged to consider the Ðgures
of merit for each speciÐc very slow activation method,
they are considered here collectively to contrast them
with the faster activation methods. SpeciÐcally, we con-
sider the limiting case in which the ion population
reaches a steady-state Boltzmann (rapid energy
exchange limit) or near-Boltzmann (slow energy
exchange regime with a relatively small part of the high
energy tail exceeding the dissociation threshold) dis-
tribution of internal energies.

The amount of energy that can be deposited into the
ion via a very slow activation method is determined by
the maximum temperature to which the ions can be ele-
vated. This may be determined by the temperature of
the walls, laser intensity, maximum ion oscillatory
amplitude, etc., depending on the activation method. It
is important to recognize, in any case, that a major
strength of very slow activation methods has been that
they have been shown to be capable of yielding useful
structural information from high-mass
ions.73,79,87,89,109,110,113 The limitations for conven-
tional collisional activation of high-mass ions with
many degrees of freedom arising from unfavorable
center-of-mass collision energy and high ion heat capac-
ity is circumvented by the slow heating nature of the
very slow activation methods. Any polyatomic ion can
be made to dissociate if the temperature is high enough.

In the limiting case, the shape of the ion internal
energy distribution for an ion population with fragmen-
tation taking place in the high-energy tail is a truncated
Boltzmann distribution when fragmentation is fast rela-
tive to activation/deactivation, and Boltzmann when
fragmentation is slow relative to activation/
deactivation. Although the internal energy distribution
is broad, it is very well known, at least for the rapid
energy exchange case. Such a situation is desirable for
the determination of dissociation energies, for example.

The parent ion internal temperature is readily vari-
able with the collisional activation techniques via either
resonance excitation amplitude or frequency. Laser
intensity is the most readily varied parameter related to
ion temperature in cw IRMPD. In the case of black-
body activation, the temperature of the walls of the ion
containment vessel must be varied.

A great strength of the very slow activation methods
is that dissociation reactions can be driven to essentially
100% completion under favorable conditions. This
ability arises from variable storage time and variable
ion temperatures. In the case of dissociation, the parent
ion temperature must be elevated to a point at which
the high energy tail of the distribution exceeds the
lowest critical energy for decomposition enough to
make the dissociation rate sufficiently high to yield pro-

ducts during the activation time. Once this condition is
achieved, the activation period can be extended to allow
for all of the parent ions to dissociate. In practice, and
depending upon the activation method, it may not be
desirable to do this due to further activation of the pro-
ducts, ionÈneutral reactions, etc. While dissociation effi-
ciency is high, the identities of the product ions tend to
be restricted to those generated from the reactions of
lowest critical energy. The degree to which these pro-
ducts provide the desired structural information is case
dependent.

In some scenarios, the length of the activation period
associated with a very slow activation method may con-
stitute a serious weakness. That is, the time required for
efficient conversion of parent ions to product ions may
not be appropriate for some analytical applications. For
example, the many seconds required for some black-
body activated reactions would be incompatible with
many MS/MS experiments coupled with on-line separa-
tions. On the other hand, activation periods of a few
tens to a few hundreds of milliseconds may constitute
only a minor fraction of the total time associated with a
trapped ion MS/MS experiment. That is, other aspects
of trapped ion experiments are also time consuming
compared with, for example, beam-type or time-of-Ñight
mass spectrometry.

CONCLUSIONS

Several approaches to the activation of polyatomic ions
over extended periods of time have been developed
principally in conjunction with ion trapping forms of
mass spectrometry. Conditions can be achieved in
which the rates for ion activation and deactivation are
comparable, resulting in a steady-state parent ion inter-
nal energy distribution. Under these conditions, a
thermal analogy can be used to interpret the observed

The relationship between and the dissociationkdiss . kdissthreshold of the ion depends on the rates of energy
exchange relative to unimolecular dissociation rates.
Furthermore, the appearance of the product ion spec-
trum can also depend on whether fast or slow energy
exchange conditions apply and on whether product ions
are subjected to the same activation conditions as the
parent ions.

It is important to recognize that the thermal analogy
is a useful limiting case in considering slow heating
methods. There are a variety of scenarios in which con-
ditions that lead to a near-Boltzmann distribution of
ion internal energies do not prevail. For example, when
the critical energy for dissociation is not particularly
high relative to the average internal energy of the ion
population, a truncated Boltzmann distribution is not
realistic. Likewise, when dissociation proceeds at a sig-
niÐcant rate before a steady-state condition is achieved,
recourse to the master equation modeling approach is
required for calculating the dissociation rate constant.

As with all forms of ion activation, the analytical
Ðgures of merit of slow heating methods are better
suited to some applications than to others. The use of
slow heating methods, however, is expected to grow
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owing both to the growing numbers of ion trapping
instruments in operation and to the success of slow
heating in the efficient dissociation ions derived from
high-mass biomolecules. In addition to o†ering high
efficiency, an MS/MS experiment using a slow heating
method can yield important information about an ion
both from the identities and relative abundances of the
product ions and from Furthermore, a detailedkdiss .understanding of the relationship between Tinternal , kdissand dissociation threshold promises to yield an impor-

tant new tool in understanding the unimolecular disso-
ciation chemistry of high-mass ions.
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