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Abstract

Collisional relaxation of internally excited high-mass (.1 kDa) ions has been simulated under typical quadrupole ion trap
storage conditions. Two models have been employed that are expected to bracket the range of cooling rates that prevail for such
ions present in;1 mTorr of room temperature helium. A diffuse scattering model that assumes that the helium target atom
thermally equilibrates with the high-mass ion upon collision is expected to yield a maximum cooling rate. A random walk
algorithm using the exponential model for inefficient colliders and a relatively small average energy down-step size provides
an estimate for the lowest cooling rates that might be expected. The two models give cooling rates that differ by about a factor
of three and fall within the range of 200–2000 s21 for the ions and energies considered in the simulations. Unimolecular
dissociation rates have also been determined for the same model ions. Random walk simulations employing collisional cooling
and dissociation clearly show how a rapid input of internal energy, as with the absorption of an ultraviolet photon, can either
result in dissociation of a large fraction of the ions or can lead to an insignificant degree of dissociation, depending largely on
the unimolecular dissociation rate of the ion. (Int J Mass Spectrom 177 (1998) 163–174) © 1998 Elsevier Science B.V.
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1. Introduction

The formation and manipulation of high-mass (.1
kDa) ions in mass spectrometry has become common-
place with the increasingly widespread use of electro-
spray ionization [1–7] and matrix-assisted laser de-
sorption ionization [8–10]. High-mass ions formed by
these and other methods are subjected to manipulation
and analysis in a variety of instrument types, includ-
ing, for example, the time-of-flight mass spectrometer
[11,12], the Fourier transform ion cyclotron resonance

instrument [13], and the radiofrequency quadrupole
ion trap (Paul trap) [14]. A number of factors deter-
mine the analyzer type most appropriate for a partic-
ular measurement [15]. The operational conditions of
the various mass analysis tools lead both to the
differences in the relative mass analysis performance
characteristics between analyzers and to differences in
time-frames and propensities for ion-neutral colli-
sions. Among the most commonly used mass analysis
tools is the Paul trap. When operated with helium bath
gas at roughly 1 mTorr, it stands out as the mass
analyzer that yields the largest numbers and rates of
ion-neutral collisions.

The intended role of the bath gas in most quadru-* Corresponding author. E-mail: goeringerde@ornl.gov
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pole ion trap experiments is to reduce ion kinetic
energies so that the ion cloud collapses toward the
center of the ion trapping volume [16]. This phenom-
enon improves both resolution and sensitivity for ion
populations initially present with large spreads in
energy and position. It is particularly important in the
capture of ions injected into the ion trapping volume
from an external ion source. Various models, all of
which assume elastic ion-helium collisions, have been
used to describe the translational cooling of ions
within the context of ion motion simulations in the
quadrupole ion trap [17]. These models are useful for
the description of ion motion but, of course, cannot
account for important phenomena in the ion trap that
result from inelastic ion-helium collisions. Such phe-
nomena include collisional activation of translation-
ally excited ions and the internal relaxation of inter-
nally excited ions via the intermolecular vibrational-
to-translational energy transfer that takes place
between a hot molecule and a thermal helium atom.
The former process forms the basis for ion trap
collisional activation and likely plays a role in the
fragmentation of relatively small and fragile ions
upon their injection into an ion trap [18–20]. Frag-
mentation of ions injected into the ion trap has been
interpreted as arising from internal heating of ions via
ion-helium collisions during the process of transla-
tional cooling [21] along with possible contributions
from surface-induced dissociation [22].

Previous work in our laboratory has focused on
random walk simulations incorporating inelastic col-
lisions to describe changes in polyatomic ion internal
energy distributions associated with ion trap reso-
nance excitation [23] and to model collision-induced
dissociation kinetics in the ion trap [24]. In that work,
the ion activation and deactivation processes of an
initially thermal polyatomic ion population undergo-
ing resonance excitation were studied. In this work,
we adapt the random walk algorithm to the removal of
excess internal energy from an initially excited high-
mass ion. This process has important implications for
phenomena that yield internally excited high-mass
ions on a transitory basis. That is, in cases in which
energy is deposited in relatively rapid fashion (not
continuously, as in resonance excitation) and the ions

are subsequently stored in the presence of the bath
gas. Examples of such phenomena include pulsed
laser excitation, ion injection into the ion trap, and
ion–ion reactions. Although fragmentation upon in-
jection of ions into the ion trap has been observed for
relatively small polyatomic ions, we have not ob-
served this phenomenon with high-mass ions derived
from electrospray, even for relatively fragile nonco-
valently bound complexes [25,26]. Furthermore, we
have recently reported a number of studies involving
multiply charged bio-ions that undergo multiple
highly exothermic ion–ion reactions without detect-
able fragmentation [27]. These ions have included
noncovalently bound complexes [28]. On the other
hand, we have observed extensive fragmentation of
oligonucleotide anions that transfer electrons to cat-
ions such as ionized rare gases [29]. The extent of
fragmentation appears to be a function of reaction
exothermicity and bio-ion size [30,31]. Internal cool-
ing of initially excited ions via collisions with helium
must also play a role.

Intermolecular energy transfer from vibrationally
excited species (both neutral and charged molecules)
to cold bath gas molecules has been the subject of
theoretical and experimental studies for some time
[32–35], but collisional vibrational energy transfer for
large biopolymer ions has become of interest only
relatively recently. Of particular note is the work of
Marzluff et al. [36] who modeled the translation-to-
vibration process for collisional activation of peptide
ions and showed energy transfer efficiencies.50%.
Furthermore, energy transfer tended to increase with
the size of the ion. The rate of the vibration-to-
translation process, which is of interest in this work, is
also dependent on the degree of collision inelasticity.
Whether fragmentation of an ion is observed after a
transitory input of energy is determined both by the
unimolecular dissociation rate and the relaxation rate,
which is usually dominated by the ion-helium colli-
sion process in the ion trap. Although the applicability
to high-mass ions of the energy randomization hy-
pothesis in statistical theories of unimolecular decom-
position remains an open question [37], calculations
based on such theories predict the reduction of uni-
molecular dissociation rates with ion size [38]. Fur-
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thermore, increasing collision cross section with ion
size tends to lead to an increase in the collision rate in
the Paul trap. Thus, the minimal fragmentation of
high-mass bio-ions alluded to above has been attrib-
uted to their relatively rapid rate of internal energy
relaxation compared with unimolecular dissociation
[28,31,39]. In this article, both a random walk algo-
rithm employing the exponential model for inefficient
colliders and a simple statistical model are used to
obtain quantitative predictions of the collisional re-
laxation rates for high-mass ions. Results reveal that
polypeptide ions less than;4000 Da can cool from
450 to 300 K (ion internal temperature) in,10 ms at
1 mTorr He pressure, and the unimolecular dissocia-
tion rate constants fall by orders of magnitude over
the corresponding internal energy range.

2. Collisional cooling models and RRKM
parameters

2.1. Vibrational energy transfer kinetics

For the purpose of this study, it is assumed that the
internal energy present in ions (AB1) is distributed
statistically among the various vibrational modes and
that energy can move freely about within statistical
phase-space (i.e. the energy randomization hypothesis
of Rice, Ramsberger, Kassel, Marhus (RRKM) theory
[40]). The excited ions (AB1*), which are arbitrarily
given a charge of11 for this arguement, can undergo
unimolecular dissociation to form fragment ions (A1)
and neutral particles (B) and/or de-excitation via
radiative relaxation and intermolecular vibrational
energy transfer during collisions with neutral species
(M). The general kinetic scheme for such processes is

AB1* 1 M ^
kact

krel

AB1 1 M

AB1* 3
krad

AB1

AB1* 3
kuni

A1 1 B

where kact[M] is the collisional activation rate,
krel[M] is the collisional deactivation rate,krad is the
radiative relaxation rate constant, andkuni is the
unimolecular dissociation rate constant. The differen-
tial equation for change in [AB1*] is given by Eq.
(1).

~d@AB1* #/@AB1* #!

dt
5 kact @M#

@AB1#

@AB1* #

2 ~krel @M# 1 krad1 kuni! (1)

An apparent (pseudo-first order) rate constantkappfor
the overall relaxation of vibrationally excited ions can
then be defined by Eq. (2),

kapp5 krel @M# 1 krad (2)

and a plot ofkapp versus [M] should be linear with a
slope equal to the (phenomenologic) bimolecular
collisional cooling rate constantkrel and an intercept
equal tokrad.

Most of the internal energy in polyatomic mole-
cules occupies infrared inactive modes, with the
radiative intensity from active modes scaling linearly
with the total number of oscillators. Dunbar [41] has
examined methods for calculating the rate of infrared
radiative cooling of hot polyatomic ions based on a
weakly coupled harmonic oscillator model. The en-
ergy radiated per secondWi

v,v21 during the transition
from vibrational levelv to v 2 1 of oscillator mode
i can be expressed by

Wi
v,v21 5 h z c z n i z Pi

v z Av,v21

whereh is Planck’s constant,c is the speed of light,n i

is the photon frequency expressed in cm21, andPi
v is

the statistical probability of finding modei in quan-
tum statev. SummingWi

v,v21 over all occupied levels
of all modes then gives the total energy emission rate.
The Einstein coefficient for spontaneous emission
Av,v21 is related to the experimentally determined
infrared band intensityAi; however, integrated inten-
sity data are not available for the model ions used in
this study, that is, multiple alanine-glycine (AG)
dipeptide units. Thus, we used Dunbar’s standard
hydrocarbon model [42] to estimate the infrared
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active transition frequencies andAi values for (AG)n.
Radiative relaxation curves were then calculated for
(AG)n ions (n 5 8, 16, 24, 32).Results indicated
that for such ions, vibrational relaxation via infrared
radiative cooling occurs on a time scale over two
orders of magnitude longer than relaxation because of
collisional processes at 1 mTorr helium bath gas
pressure (see below). Thus,krad is assumed to be
insignificant compared with collisional processes and
kappcan be expressed to a good approximation by Eq.
(3).

kapp5 krel @M# (3)

Note thatkapp reflects the average relaxation rate
for an ensemble of ions. However, vibrational relax-
ation actually proceeds via a discrete state-to-state
process that occurs in a stepwise manner. The kinetics
for such a process can be written as a coupled set of
differential equations [Eq. (4)] for the change in
individual energy levels [AB1] j,

~d@AB1# j /@AB1# j!

dt
5 O

iÞj

Rij

@AB1# i

@AB1#j

2 S O
iÞj

Rji 1 kunijD (4)

whereRij is the microscopic rate of collisional energy
transfer from energy levelEi to Ej, and kunij

is
energy-dependent and zero below the critical energy.
Rij can be further defined in terms of a collisional
energy transfer probability functionPij (for energy
up- or down-steps) and ion-neutral collision fre-
quencyv as given by Eq. (5).

Rij 5 vPij (5)

Combining Eqs. (4) and (5) and summing over all
energy levels gives Eq. (6) describing the overall rate,

¥ j ~d@AB1#j /@AB1# j!

dt
5 v 3 O

j

O
iÞj

Pij

@AB1# i

@AB1# j

2 O
j
SvO

iÞj

Pji 1 kunijD
(6)

and kapp for vibrational relaxation via collisional
cooling is given by Eq. (7).

kapp5 vO
j

O
iÞj

Pji (7)

Comparing Eqs. (3) and (7) gives Eq. (8),

krel @M# 5 vO
j

O
iÞj

Pji (8)

indicating that the bimolecular collisional cooling rate
krel[M] is equal to the sum of the rates of collisional
energy transfer from all energy levels. The total
internal energy

E}O
j

@AB1# j

so the overall rate of change in internal energy
(dE/E)/dt is given by Eq. (9).

dE/E

dt
5 vO

j

O
iÞj

Pij 3
@AB1#i

@AB1#j

2 O
j
SvO

iÞj

Pji 1 kunijD (9)

Thus, simulation of the state-to-state energy transfer
steps produced by collisional processes enableskapp

to be obtained by following the resulting internal
energy evolution and determining the slope ofa
2 ln(Et/E0) versust plot. The random walk proce-
dure described below is just such a simulation for
collisional relaxation.

2.2. Random walk model

The set of kinetic equations (6) can be solved using
the exact stochastic method (ESM) of Gillespie to
simulate a random walk in vibrational energy space
[43]. The fractional energy lost from a highly excited
polyatomic ion upon collision with a monatomic gas
is expected to be small, so for the random walk
simulation we chose to use the exponential model for
inefficient colliders [44] in whichPij decreases expo-
nentially with energy step size. A simple exponential
model like this may not, in fact, best describe the
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situation. For example, a displaced Gaussian func-
tional form has been shown to be in better accord with
data involving relatively small polyatomic ions
[45,46]. However, in any case, thekapp derived from
the random walk model is expected to be much more
sensitive to the mean value of the step size than to the
functional form ofPij [47].

The exponential model for inefficient colliders
employs an expression forPij for energy down-steps
given by Eq. (10),

Pij 5
exp@2~Ei 2 Ej!/a#

Ci
, Ej , Ei (10)

whereCi is an energy-dependent normalization factor
(see below). ForPij of the form given by Eq. (10), the
collisional relaxation rate is largely determined by the
size of a, which is seen to be equal to the average
energy lost on a down-step,^DEd&.

^DEd& ;
*Ei

0 ~Ei 2 E!exp~2~Ei 2 E!/a! dE

*Ei

0 exp~2~Ei 2 E!/a! dE
5 a

(11)

At equilibrium, microscopic reversibility gives

vPijBi 5 vPjiBj,

Bg 5
rg exp@2Eg/~kTint!#

Qvib
, g 5 i , j

(12)

wherek is the Boltzmann constant,rg is the density of
states at energyEg, and Qvib is the vibrational
partition function at ioninternal temperatureTint.
Combining Eqs. (10) and (12) gives Eq. (13),

Pij 5

exp~2@Ej 2 Ei#/a! 3 r j exp@2Ej /~k 3 Tint!#

r i 3 Cj exp@2Ei /~k 3 Tint!#
,

Ej . Ei (13)

Furthermore, normalization requires that

E
0

`

Pij dE 5 E
E

0

Pij dE 1 E
E

`

Pij dE 5 1
(14)

Ej , Ei Ej . Ei

so that the specific form forCi can be obtained by
combining Eqs. (10), (13), and (14) to give the
integral Eq. (15),

Ci 5 E
Ei

0

expS2@Ei 2 E#

a
D dE 1 E

Ei

` Ci r j exp~2@E 2 Ei# @~a 1 k Tint!/~a k Tint!#!

Cj ri
dE (15)

which can be solved using the finite difference method of Gilbert and King [48]. Finally, curves can be con-
tructed for the energy down-stepPd and up-stepPu probabilities:

Pdi
5

*Ei

0 exp~2@Ei 2 E#/a! dE

Ci
(16)

Pui
5

*Ei

` Ci r j exp~2@E 2 Ei# @~a 1 k Tint!/~a k Tint!#!

Cj ri
dE

Ci
(17)

The expression fora used in this work assumes a
linear dependence on the internal temperature above
thermal of the form,

a 5
3

4
k TM 1

5

8
k ~Tint 2 TM! (18)

whereTM is the neutral collision gas temperature. A
minimum criterion for the expression fora is that the
random walk simulations resulting from its use match
the corresponding distributions calculated from the
Boltzmann equation over the range of interest forTint.
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Eq. (18) meets this criterion. Because of the dearth of
experimental data for collisional relaxation of large
polymeric ions, we chose not to attempt to derive
more sophisticated expressions fora based on, for
example, restricted statistical theories of vibrational
energy transfer [49–51] that take into account physi-
cal and chemical properties of the target, such as
mass, polarizability, number of degrees of freedom,
and so forth. Rather, in the absence of data to guide
the development of such an expression, we chose to
use a physically realistic expression that shows a finite
average energy down-step size whenTint 5 TM and
that increases as the difference betweenTint andTM

increases. Furthermore, the constants in the expres-
sion were selected to yield an average energy down-
step size that falls at the low end (;100 cm21) of the
range of values reported for relatively small poly-
atomic ions in collisions with helium (;100–350
cm21) [47,52]. In so doing, we expect that the random
walk model using Eq. (18) tends to underestimatekapp

because the use of a relatively small down-step size
simulates collisions of low inelasticity. The simple
diffuse collision model described below, on the other
hand, simulates highly inelastic collisions and is
expected to yield the highest realistic collisional
cooling rates. The two models are therefore expected
to bracket the range of collisional cooling rates under
common Paul trap operating conditions.

In the ESM, the random time interval between
ion-neutral collisionst is

t 5
1

v
lnS 1

r1
D (19)

wherer1 is a random number from the unit-interval
distribution (equal probability for any number be-
tween 0 and 1). From ion mobility theory,

v 5
4

3
nM 3 Î8 k T

p m
V (20)

where nM is the neutral number density,m is the
ion-neutral reduced mass, andV is a collision inte-
gral. For rigid-sphere scattering,V is equal to the
collision cross sections (projection area). Revercomb
and Mason [53] have shown thatV for rigid-sphere

scattering of large ions (i.e. reduced mass,m ' M)
can be closely approximated by

V 5 p rm
2 , rm 5 r0F1 1 bmSm

MD1/3G ,

r0 5 2.1 Å, bm 5 1 (21)

More recently, however, Chen et al. [54] have mea-
sured bio-ion collision cross sections via energy loss
measurements on a triple quadrupole mass spectrom-
eter. Interpreting the results in terms of an aerody-
namic drag model, they found that the ion-neutral
collisions were described better by diffuse (highly
inelastic) rather than specular (rigid-sphere, elastic)
scattering [54]. For a given projection area, there is a
greater average momentum loss (;22–25%) per ion-
neutral collision via diffuse than specular scattering.
Thus, theV values calculated with Eq. (21) were
multiplied by 0.75 when calculatingv values for the
simulations. The oligomer molecular weights, num-
bers of internal degrees of freedom, and collision
cross sections used in this work are listed in Table 1.

2.3. Diffuse scattering model

As noted above, Chen et al. [54] have found that
ion-neutral collisions of biopolymer ions were de-
scribed better by diffuse rather than specular scatter-
ing. Under diffuse scattering conditions, a helium
atom may undergo multiple collisions with the irreg-
ular surface of a bio-ion during each ion-neutral
interaction event, internal energy loss viaV-T energy
transfer occurring on each collision. If each helium
atom is assumed to approach the ion atT 5 TM and
to scatter atT 5 Tint, then the total vibrational energy
transferred to the neutral during each multiple-colli-
sion interaction is (3/ 2)k(Tint 2 TM). Thus, the ion
internal energyEncol

after multiple-collision interac-
tion numberncol can be calculated from Eq. (22),

Encol
5 Encol

21 2
3

2
k~Tint 2 TM! (22)

whereE0 is the initial internal energy and the inter-
actions are spaced at time intervals determined via Eq.
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(19). The diffuse scattering model assumes that the
bath gas thermally equilibrates with the polyatomic
ion. This picture represents the maximum realistic
degree of collision inelasticity and constitutes a rea-
sonable order of magnitude model given the high
collision inelasticity suggested by Marzluff et al. [36]
for collisional activation of high mass ions.

2.4. RRKM calculations

The group of model biopolymer ions used in this
study consisted of multiple alanine-glycine (AG)
dipeptide units as described by Griffin and McAdoo
[38]. Thus, the model for the (AG)n polypeptide ion
consisted of the 54 AG frequencies andn 2 1
degenerate sets of glycyl-alanyl (GA) frequencies.
Cleavage of the C-terminal peptide bond was used as
the reaction coordinate. Transition state frequencies
were adjusted by modifying AG frequencies associ-
ated with the dissociating (first A–G) peptide bond,
specifying the CN stretch as the reaction coordinate,
and adding then 2 1 GA frequencies. Unimolecular
dissociation rate constants were determined via
RRKM calculations in which the steepest descent
method was used to make density of states estimates
[55,56].

3. Results and discussion

With the necessary parameters in hand, the internal
energy evolution for an individual (AG)n ion was
monitored over a series of random time intervals [Eq.

(19)] corresponding to the periods between ion-neu-
tral collisions. Subsequent to each collision, Barker’s
Monte Carlo technique [57] was used to randomize
the energy-step direction and magnitude within the
constraints imposed by Eqs. (16) and (17). More
specifically, for each ion-neutral collision if a second
random numberr2 (from the unit interval distribution)
was less thanPdi

[Eq. (16)], an energy down-step was
selected. Furthermore, Eq. (23)

r3 5
*0

DEdi exp~2DE/a i! d~DE!

*0
Ei exp~2DE/a i! d~DE!

(23)

where r3 is another random number from the unit
interval distribution, was solved analytically [Eq.
(24)]

DEdi
5 2ai lnH1 2 r3F1 2 expS2Ei

ai
DGJ (24)

and used to determine the magnitudeDEd of that
down-step. For cases in which an energy up-step was
selected (i.e.r2 . Pdi

), expressions similar to Eqs.
(23) and (24) [57] were also used to determine the
up-step magnitude. Thus, the overall trend for any
random walk was a decline in internal energy via
energy-steps described by an exponential probability
distribution having an average down-step sizea,
despite the fact that any individual collision might
actually result in an energy down- or up-step some-
what different thana. Note, however, that a steady-
state condition in which up-steps were balanced by
down-steps was ultimately reached at thermal energy
becausePui

5 0.5 at Tint 5 TM. Thus, the ion
executed a random walk in internal energy-space
similar to the events believed to occur in the actual
physical process. The results from a series (250) of
such random walks, each with the same initial condi-
tions, were averaged to obtain a smooth decay curve.

Fig. 1(a) shows a typical example of the internal
energy versus time plot from a (single) simulation of
the internal energy relaxation for (AG)16 because of
multiple collisions with helium atoms at 1023 Torr
(v 5 4.6 3 105 s21) and 300 K (identical bath gas
conditions were used in all simulations reported here).
The ion had an initial internal energy of 7.2 eV, which

Table 1
Physical data for (AG)n ions

Ion
MW
(kDa) V (Å2)a

Degrees of
freedom

(AG)8 1.043 570 411
(AG)12 1.556 720 615
(AG)16 2.068 850 819
(AG)20 2.581 970 1023
(AG)24 3.093 1100 1227
(AG)28 3.606 1200 1431
(AG)32 4.118 1300 1635

a0.753 VEq. (19).
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corresponds to an internal temperature of 450 K. A
histogram of the corresponding energy-step sizes is
shown in Fig. 1(b); its exponential character results
from use of the exponential model for inefficient
colliders with ana value given by Eq. (18). Fig. 1(c)
compares the smooth internal energy relaxation curve
for (AG)16 obtained by averaging 250 random walk
simulations with the corresponding curve calculated
using the diffuse collision model for collisional en-
ergy transfer.

Collisional relaxation curves for (AG)n [n 5 8
(;1 kDa),n 5 16 (;2 kDa),n 5 24 (;3 kDa), and
n 5 32 (;4 kDa)] ions having the same initial
internal temperature (450 K) are compared in Fig. 2.
The relaxation time increases with size despite the
same trend in the ion-neutral collision frequency
because the difference in the initial and thermal
internal energies increases with size more rapidly.
The relaxation curves in Fig. 2 can be used to obtain
apparent cooling rates by plotting2ln(Eintt

/Eint0
) as a

function of relaxation time; the slope of the resulting
line corresponds tokapp (5 krel[M]). Apparent cool-
ing rate constants for (AG)8, (AG)12, (AG)16, (AG)20,
(AG)24, (AG)28, and (AG)32 obtained from such plots
over theTint range 450–350 K are listed in Table 2
along with the corresponding ion-neutral collision
frequencies. Quenching efficienciesf can be obtained
from these results via the expressionf 5 kapp/v.
Table 2 lists kapp values obtained from both the
random walk simulation and the diffuse scattering
model for two scenarios. In one case, all parent ions
begin with energies corresponding to the average
energy at 450 K. In the other scenario, parent ions
begin with energies corresponding to the average
internal energy of an ion at 300 K plus 4 eV. The
latter scenario is intended to simulate an experiment
in which a thermalized ion absorbs a 308 nm photon.

energy transfer process. (b) Results from (a) histogrammed to give
the probability P(DE) of an energy transition as a function of
energy-step sizeDE. Note that the probability reaches a maximum
for an elastic collision (i.e.DE 5 0 eV). (c) Comparison of internal
energy cooling curves for (AG)16 obtained using the exponential
model for inefficient colliders and the diffuse scattering model. The
two models are expected to bracket the range of cooling rates
observed under common Paul trap operating conditions.

Fig. 1. (a) Random walk simulation of internal energy cooling, via
collisions with thermal (300 K) He atoms (1023 Torr), for an
(AG)16 ion having an initial internal energy equal to the average for
a Boltzmann distribution at 450 K. The exponential model for
inefficient colliders was used for the vibrational–translational
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Both models give cooling rates of the same order of
magnitude and, as expected, the random walk model
gives lower apparent cooling rates (by about a factor
of three) than the diffuse collision model.

The extent to which fragmentation competes with
cooling is determined by the relative magnitudes of
the cooling rate and the unimolecular dissociation
rates over the relevant internal energy range. RRKM
theory was used to calculate the unimolecular disso-
ciation rate constantskuni for the (AG)8, (AG)12,
(AG)16, (AG)20, (AG)24, (AG)28, and (AG)32 ions; the
critical energy was fixed at 1 eV. RRKM calculations

were performed for each oligomer using the average
internal energy at 450 K and again using an internal
energy equal to the average internal energy at 300 K
plus 4 eV. The values are listed in Table 3. At a given
internal energy, RRKM theory predicts that large ions
fragment much more slowly than small ions. At a
given temperature, however, dissociation rates are far
less sensitive to ion size than are rates at constant
energy because the increase in internal energy with
size for a given temperature compensates for the
increase in the density of states. An important sce-
nario in many experimental situations is intermediate
between the two extremes of ions with constant
internal energy and ions with a constant internal
temperature, namely, the situation in which ions at the
bath gas temperature are subjected to a rapid input of
internal energy. Such a scenario is exemplified well
by a UV photodissociation experiment while other

Fig. 2. Composite cooling curves for 450 K (AG)n ions (n 5 8, 16,
24, 32) in 1023 Torr He at 300 K. Each curve is the average of 250
random walk simulations similar to the single curve in Fig. 1(a).

Table 2
Rate constants for collisional cooling of (AG)n ions determined via random walk simulation and ion-helium collision frequencies at 1 mTorr

Ion

kapp
a,b

(450
K)

kapp
a,c

(450
K)

kapp
a,b

(300 K 1 4
eV)

kapp
a,c

(300 K 1 4
eV) va

(AG)8 530 1700 610 2000 3.13 105

(AG)12 430 1400 470 1500 3.93 105

(AG)16 390 1300 380 1300 4.63 105

(AG)20 360 1200 310 1100 5.23 105

(AG)24 330 1100 270 910 5.83 105

(AG)28 310 1000 240 800 6.43 105

(AG)32 290 960 210 710 6.93 105

Quenching efficiency,f 5 kapp/v.
as21.
bExponential model.
cDiffuse model.

Table 3
Unimolecular dissociation rate constants for (AG)n ions
calculated from RRKM theory

Ion
kuni (s21)
(450 K)

kuni (s21)
(300 K 1 4 eV)

(AG)8 9.3 3,700
(AG)12 19 150
(AG)16 26 16
(AG)20 32 3.4
(AG)24 36 1.0
(AG)28 39 0.40
(AG)32 42 0.18
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phenomena, such as a highly exothermic ion-ion
reaction, share similarities. The calculation ofkuni

using the average internal energy at 300 K plus 4 eV
is intended to simulate this type of scenario.

Although thekuni(450 K) values are significantly
smaller than thekapp values predicted from either the
random walk simulation or the diffuse collision model
for all oligomer sizes, thekuni(300 K 1 4 eV) value
for the (AG)8 exceeds thekapp values from both
models. As oligomer size increases thekuni(300 K 1

4 eV) values decrease dramatically reflecting the high
sensitivity of kuni(300 K 1 4 eV) to the number of
degrees of freedom in the ion. Fig. 4 shows a plot of
dissociation rates,kuni(300 K1 4 eV), and collisional
cooling rates,kapp(300 K 1 4 eV), as a function ofn
for the various (AG)n-mers. It is clear from this plot
that although thekappvalues decrease with increasing
n, the kuni values decrease much more rapidly. The
plot clearly suggests that ions must be activated to
give dissociation rates significantly in excess of
103 s21 to avoid a significant number of ions being
collisionally cooled after activation.

The random walk simulation can be adapted to
predict quantitatively the fraction of (AG)n ions ex-
pected to fragment following the input of 4 eV into a
300 K ion in the presence of the bath gas. Multiple
random walk cooling simulations for (AG)n (n 5 8,
12, 16) ions at initial energyE300 K14 eV were per-
formed and the results averaged to give composite
(AG)n cooling curves similar to those shown in Fig. 3.
Examining the internal energy evolution for each
individual simulation, a dissociation was assumed to
occur after ion-neutral collisionncol if the inequality
in Eq. 25 was satisfied,

r4 ,
kuni~Encol

!

kuni~Encol
! 1 v

(25)

wherer4 is another random number. The dissociation
results were histogrammed to give the fraction of
(AG)n ions remaining as a function of cooling time,
t 5 ncol/v. Fig. 4 shows the composite cooling and
fragmentation curves for (AG)8; the plots indicate that
nearly all fragmentation [i.e.;45% of the initial
(AG)8 population] should occur within;500 ms,

during which time the (AG)8 internal energy should
fall to ;75% of its initial value. The internal energies
Et and correspondingkuni(Et) values are indicated on
the cooling curve (kapp5 6.13 102 s21) for timest 5
0, 100, and 500ms. Becausekuni(E) values over the
initial 100 ms are considerably greater thankapp,
approximately two thirds of the overall fragmentation
occurs at an observed dissociation ratekdiss 5 2.9 3
103 s21 that is betweenkuni at t 5 0 ms (3.73 103

s21) andt 5 100 ms (1.83 103 s21). The remaining
one third of the fragmentation occurs over a longer
period (;400 ms) askuni(E) gradually becomes less
than kapp and thus,kdiss falls to essentially zero. By
contrast, in the absence of cooling (i.e.,kapp 5 0),
roughly 16% of the (AG)8 ions would survive to 500
ms and about 2.5% would remain at 1 ms. Data from
the other simulations indicated that.95% and 99% of
the (AG)12 (kapp 5 470 s21) and (AG)16 (kapp 5 380
s21) ions, respectively, remained intact because their
kuni(E) values were always much less thankapp. The
results of this modelling study are in qualitative
accord with ion-ion electron transfer results. For
example, multiply charged oligonucleotide anions
that undergo electron transfer with xenon cations are
completely dissociated when there are four residues
(;1.2 kDa) [29] but show no fragmentation when
there are 12 residues (;3.6 kDa) [31].

Fig. 3. Comparison of the unimolecular dissociation rate constant
kuni and the cooling ratekappfor (AG)n-mers having internal energy
equal to the average internal energy at 300 K plus that of a 308 nm
(4 eV) photon.
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4. Conclusions

The bath gas present in a typical Paul trap exper-
iment plays an important role in determining the
extent of fragmentation observed from high-mass (.1
kDa) ions after a rapid transitory input of internal
energy, provided the ions behave statistically. Appar-
ent collisional cooling rates determined via random
walk simulation range from 102–103 s21 when rela-
tively small average energy down-step sizes are em-
ployed; cooling rates are somewhat higher using a
diffuse scattering model. Collisional cooling rates
tend to decrease slowly with ion size, whereas uni-
molecular dissociation rates at fixed internal energy
decrease far more rapidly as ion size increases. Thus,
if a rapid transitory input of energy is to be effective
for activation of such ions, it must drive reactions in
excess of 103 s21 in order to avoid collisional cooling
of a large fraction of the activated ions.
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