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Dissociation of the tantalum oxide cation, a strongly bound diatomic, is simulated for the multiple-collision
environment of a quadrupole ion trap mass spectrometer using a model based on thermal unimolecular reaction
theory. The intact diatomic ion is assigned a specific internal temperature at which it undergoes collisional
activation and deactivation during a random walk in energy space. Collisional energy transfer is assumed to
proceed via independent vibrational and rotational processes, as described by the refined impulse approximation
and exponential transition probability, with dissociation occurring when the vibrational energy exceeds the
rotational-energy-dependent barrier for dissociation. Processing the data from many such random walks yields
the simulated dissociation kinetics and time-dependent internal energy distribution of an ion population at
the specified internal temperature. Comparison of experimental dissociation rates with those obtained via
simulations performed over a series of temperatures enables prediction of internal temperatures and
corresponding internal energy distributions for tantalum oxide ion populations undergoing resonance excitation.
Although the simulations indicate that rotational-energy transfer can lead to significantly higher dissociation
rates than those associated with purely vibrational-energy transfer, the results obtained in this study suggest
that ion internal temperatures in the tens of thousands of degrees are required nonetheless to dissociate a
strongly bound diatomic ion such as tantalum oxide, and the experimental data demonstrate that resonance
excitation in a quadrupole ion trap can achieve the necessary temperatures.

Introduction mass collision energies (usually much less than 5 eV) associated
with individual collisions of heavy ions and light targets, the
'multiple-collision nature of ion trap collisional activation makes
possible the dissociation of a wide range of ions. lon trap
collisional activation and the blackbody infrared-dissociation
technique used in the Fourier transform ion cyclotron resonance
(FTICR) mass spectrometét8are analogous in that both entail
multiple activation/deactivation processes. In the virtually
collision-free environment of the FTICR mass spectrometer, the
relative rates of infrared photon absorption and emission (i.e.,
activation and deactivation) as compared with unimolecular
dissociation determine the ion internal energy distribution and
overall dissociation rat€~2! In contrast, nearly all ion ac-

Quadrupole ion traps, as currently used in chemical research
are typically operated with a low-mass buffer gas, usually
helium, present at a pressure of roughly 1 mTorr. One of the
primary roles for the buffer gas is deceleration of ions via
momentum transfer collisions, the overall purpose being to
facilitate capture of ions injected from external ion soufces
and to thermalize and collapse ion populations to the center of
the trapping volume. Another important function of the buffer
gas is serving as the target species for collisional activation
experiments; in this role, transfer of kinetic energy to internal
energy is the important underlying phenomenon. A variety of

tec;hnltques for acceltre]ratlngb lons in '?%éra_‘l%s for_collllzlonal celeration-based methods in the relatively high-pressure envi-
activation purposes have been reported. These nciude, onment of the ion trap involve at least hundreds of-ion

among others, accelerating a parent ion at or near its fundamenta[1eutral collisions and relatively long periods over which ion

z-démensmln stecglagr frequt(ancy by ﬁrrgylng asine Wa"‘?t t? the acceleration is typically effected (30000 ms)? Consequently,
end-cap electrodes (i.e., the so-called resonance excitation dissociation kinetics and internal energy distributions are

ggchnlque), mag'Phg an ion nealr tottZebec:ﬁe ofd'_[hef stability dependent upon the ratio of unimolecular dissociation rates to
d|ggramltso 7_% z on |Is_acce (Iara? y the radio Ir?qu[Ency rates of collisional activation and deactivation, rather than pho-
rive voltage, = and applying a low-lrequency signai 1o the 4, absorption and emission. Therefore, we have developed a

end C‘T"pé'z . . ) . model based on thermal unimolecular reaction theory to describe
. Alv3wde range of ions, extending from strongly bound diatomic - 6 inetics of ion trap collision-induced dissociation (CID)
1ons” 4£?6mult|ply charged proteins with masses exceeding 10 oftected via resonance excitatighé It is interesting to note
kDa,*"** has been dissociated using collisional activation in ¢ for hoth dissociation methods conditions can be established
quadrupole ion traps. Despite the relatively modest center-of- \yhere jon activation and deactivation rates can greatly exceed
unimolecular dissociation ratés?® In this situation, referred
3 4;; OF‘Q’QO’E’ég%g%f’gggg“E?msgﬁ“gjogﬁngg%gs@ig%Izg‘\’/f‘e: (869)574 10 as the rapid energy exchange conditibdjssociation rates
t Oak Ridge National Laboratory. follow the Arrhenius equation. At the opposite extreme,
*Purdue University. decomposition rates are determined by the excitation rate over
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the barrier for vibrational dissociation, a situation that applies  Simulations were performed on a Macintosh PowerPC G3

to diatomic ions. with procedures written in Mathcad PLUS 6 for Macintosh
It is desirable to understand the relationship between the (MathSoft Inc., Cambridge, MA).

experimental conditions used in ion trap collisional activation,

such as with the resonance excitation technique, and the effectivel heory

ion temperatures to which diatomic ions can be raised. We have Description of the Model for Collisional Activation. Many

approached the problem by simulating CID of the tantalum oxide ¢ (ha elements of the model used in this work have been

cation, a strongly bound metal oxide ion for which ion trap yegcribed in detail previousk:24The model, based on thermal
dissociation rates during resonance excitation have been detery, i oiecular reaction theory, is summarized briefly here

mined experimentally, under thermal conditions. That is, parent primarily to point out the assumptions used and the criteria that

ions are initially assigned a specific internal temperature which, ., <t be met to maximize their validity. The assumptions used
in turn, leads to the dissociation rate expected for an ion present, .o 45 follows:
in a buffer gas at the internal temperature used for the =4 \on hymber densities are much lower than neutral number
simulation. The internal temperatures achievable are then yansities so that ioion collisions can be ignored.

estimated via the comparison of simulated dissociation rates with 5 1 ion power absorption during ion acceleration is
experimentally determined dissociation rates. It is necessary tosufficiently low so that a steady-state ion kinetic energy

resort to such a simulation for strongly bound diatomic ions  isyrinution can be established whereby ion acceleration by the
because buffer gas temperatures required to dissociate them 3scillating electric field is balanced by deceleration via colli-
rates on the order of 20100 s are extremely difficult to access sions

experimentally. Elements of our previously reported model for 5 Absorption and emission of light by the ions is a far less

ion trap CID form the basis for the simulations. In addition, important energy-transfer process than collisional energy transfer

rotational excitation is also considered in this work because \,qer the experimental conditions used here and can therefore
rotational energy content of a diatomic ion can alter significantly ignored

the vibrational dissociation barrier and thereby affect calculated 4 "the unimolecular dissociation rate of ions with internal
dissociation rates. Our approach differs from other simulations
of diatomic dissociatio?#¥2”in that it provides estimates of ion
internal temperatures for a prototypical strongly bound diatomic
ion, complementing a recently reported work which has cor-
related ion activation conditions and effective ion internal

temperatures for a relatively large polyatomic ion, protonated ¢ jon secular frequency is independent of oscillatory amplitude
leucine enkephalif® T_he results re_ported herel_n are highly (i.e., no higher order field components that give rise to
relevant to understanding the chemical and physical phenomenanonlinearity in ion acceleration are present).

underlying the use of the ion trap as a tool in elemental mass
spectrometry?—3> wherein the destruction of polyatomic ion
interferences is often desirable.

energies equal to or greater than the critical energy for
dissociation greatly exceed the rates for collisional activation
and relaxation so that the sudden-death approximation can be
used to model dissociation.

5. lons are stored in a pure quadrupolar electric field so that

Experimental conditions can be established where assump-
tions 1-4 are valid. For example, ion number densities are
always at least 5 orders of magnitude lower than that of the
Experimental Section buffer gas (assumption 1). Assumption 2 is likely to be valid
under conditions in which 100% of the parent ion loss can be
accounted for by the appearance of product ions. The study of
diatomic ions ensures that assumptions 3 and 4 are valid.
However, assumption 5 is clearly not valid for most ion traps
commonly used in chemical research. Such ion traps are usually
modified intentionally to incorporate higher order fields. This
model does not take into account the effect of such fields on
the ion acceleration process and is one reason the ion accelera-
tion process associated with resonance excitation was not
included in this simulation. Rather, an initial parent ion internal
temperature was assigned to the parent ions for determination
of dissociation kinetics. By assigning a parent ion internal
temperature to the ions, any errors associated with assumption
2 are also obviated.

Master Equation. A general picture of the dissociation of

Experimental results described here were collected using a
quadrupole ion trap mass spectrometer coupled with a pulsed
direct current glow discharge (GD) ionization source. Details
of the instrumental configurati8hand CID methodologi have
been previously described. The instrument is a Teledyne 3DQ
ion trap modified for injection of externally generated GD ions.
A tantalum metal pin was used as the cathode, generatifig Ta
ions which were sampled into the ion trap. Ta@rmation
resulted from reactions with adventitious gases within the
analyzer region.

Collisional activation data were acquired using Ne (99.995%)
buffer gas admitted to the vacuum system to bring the total
background pressure in the ion trapping volume to 0.5 mTorr.
Neon was also used as the GD support gas. The typical

experimental sequence involved an ion accumulation period (5. . . L . . .
P a P ( ions, AB", via energetic collisions with atomic neutral species,

ms), a Ta reaction period-t 25ms), a parent ion isolation step M, can be represented by the Lindemann mechanism for thermal

(5 ms), a 25 ms ion cooling period at g 0.2, a resonance . . : . i
LY . . unimolecular reactions, in which the collisional energy transfer
excitation of a mass-selected ion, and mass analysis by mass;

selective instability’” The GD source was pulsed such that the (eq 1) and dissociation (eq 2) steps are treated as two distinct
. ! . ; . . .~ processes.

pulse width defined the ion accumulation period. lon isolation

was effected by mass selective instabifify® Less than unit K,

mass resolution in ion isolation was sometimes used, but single- ABT+M==AB"" + M (1)

frequency resonance excitation was selective for a narrower Keact

range of mass to charge. In all cases, experiments were

performed that activated a single parent ion type. The amplitude

of the resonance excitation voltage, which was applied in dipolar

fashion to the end-cap electrodes, andghealue for the parent kactandkgeaciare the rate constants for activation and deactivation

ion are indicated in the text. of the energized ion (i.e., an ion having sufficient energy to

AB™ o A" +B 2)



1884 J. Phys. Chem. A, Vol. 105, No. 10, 2001 Goeringer et al.

fragment) AB™, respectively, andky is the unimolecular tion density at energ¥. Thus, the macroscopic dissociation
dissociation rate coefficient for AB. Using the steady-state rate constankyssand the normalized time-dependent population
assumption for AB”, an expression can be written for the of the individual energy levels can be obtained via simulation

overall dissociation rate of AB of the microscopic energy-transfer processes.
n Collisional Energy-Transfer Probability Function. Of the
d[AB ]: —ky; S[AB+] 3) several functional forms for the energy-transfer probability
dt ' function that have been describ&dhe exponential down-step

probability function for inefficient collider®exE;E’) is perhaps

where the observed dissociation rate conskagiis given by most appropriate for the small energy transfers expected for

eq 4 TaO" collisions with the monatomic collider in this work, Ne:
KacfM] :
= T 4 —(E—-F
55" M + 1 @ o] € )
. - Pexp(E;E') =——=—, E>F (11)

Lindemann theory assumes that every/ABM collision re- C
sults in deenergization (strong collision assumption), so that, —(E' — E)
kgeacIM] is equal to the collision frequency. Furthermoreky exp{—
for diatomic ions is on the order of vibrational frequencies (ca. = B E<FE

1013 s71) and is thus much larger tham Thus, the expression C , (12)
for Kkgiss can be rewritten

Ky = koM ) o is the average downward energy transfer in an-inautral
Iss C collision, and the average up-step sifeat ion internal

indicating that collisional activation is rate-determining. Line- €Mperaturelin: is given by

of-centers collision theory stipulates that: is the frequency

. i of- inati i okT,
of collisions for which the center-of-mass kinetic energy is B= int (13)
greater than or equal tBy (the critical dissociation energy), o+ KT
kact = Z exp(—Eo/kT), where Z is the gas-kinetic collision
number. However, this picture assumes all ions reside initially The normalization factor C
in the vibrational ground state and cannot account for dissocia-

tion that results from stepwise excitation. 1+ /KT,
Considering the overall mechanism for activation/deactivation C=—_ " int_ (14)
as a multistep process gives a(2 + a/KTiy)
AB*(E) +M .@ AB+(E') +M (6) is obtained from the statistical mechanical constraint of micro-
REB) scopic reversibility, where the density of states is assumed to
AB+(E)—— A" +B ) be |ndependent of the e_nergy for dlatOMigs_
ke(E) Magnitude and Functional Form of Collisional Energy-

Transfer Parameters. A key issue in simulating CID kinetics
is the determination of the magnitude and functional form for
the parameters. and 3, because they have a direct effect on
neion deactivation and activation probabilities and the associated
tra'[e coefficients for collisional energy transfer. An approximate
solution to the problem of translatioralibrational (T—V)
d[AB*(E’)] energy exchange during a zero impact parameter (_i.e., co_IIinear)
— wz([AB *(E)] P(E:E) — collision betwe_en_an atom and a diatomic (harm_onlc) oscillator,
dt such as that indicated in eq 1, has been derived by several
workers using classical dynamics. However, the approximate
solutionAEapx does not converge to the expected impulse limit
as the M-AB interaction time becomes very small compared
to the AB vibrational period. The refined impulse approximation
(RIA),*243a modification of the classical dynamical approxima-

where R(E;E) is the rate coefficient for collisional energy
transfer from energ)E to E'. A coupled set of differential
equations, referred to as the master equation, can then b
constructed from eqs 6 and 7 to describe the time-depende
population of the individual energy levels

[ABT(E)]P(E;E)) — ky(E)[AB(E)] (8)

whereR(E;E') has been expressed in terms of the energy-transfer
probability P(E;E") according to eq 9:

[M]R(EE) tion, gives higher accuracy and is correct in the impulse limit.
PEE)="—"_— 9) The RIA expression for maximum collisional energy transfer
AERIA is
Realizing that at steady-state [ABE)] ~ O aboveE, for
diatomics and that the energy-dependent unimolecular dissocia- My, My MM,
tion rate coefficienky(E") is zero belowEy and substituting for AEg, =4 > KEcom f(&) (15)
d[AB*)/dt according to eq 3 gives eq 10: (My + Marged The
—kdisg(AB+(E')) = wEZ g(AB+(E))P(E;E') — where the mass of specigds denoted bymy, Margerrefers to
<E, the specific atom of the diatomic undergoing collision with M,

cug(AB+(E')) (10) Motal = My + Mag, and KEk:owm is the center-of-mass (COM)
kinetic energy. The functiof(&), which accounts for deviation

whereg(AB*(E)) = [ABT(E)J/[AB *] is the normalized popula-  from the impulse limit, is discussed further below.
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The relationship betweenEapx and AErja is 5 o MMAMEMgyy
vib — 9 2
(mM + mlarge) mAB

KT fOF  (23)
AEapx _ (mM + r'ntarge)zmABz (16)

AEqia m[argetzmmtal2 Furthermore, an estimate of the vibrational energy down-step
parameter can be obtained framby solving eq 13 fora to

Furthermore, extensive numerical calculations fenTenergy give eq 24:
exchange have been performed by Kelley and Wolfstettugir

results indicate that the exact energy tran&&mh,m is smaller oy = M (24)
than the approximate solution by a factor " KT = B
AE,,, myM——, Substituting for.i, in eq 24 using eq 23 and realizing that for
AE = ex 1.685—: a7) diatomic-atomic collisions (assuming no electronic excitation
num MargelMy + Mag) of the target)Tin; is equal toTe gives the expression faxyi,
below:
wherem__ represents the atom of the diatomic not undergo-
ing collision with M. Thus, dividing eq 16 by eq 17 gives a My MAMg Mgt
factor F = AEnu/AEria Which can be used to give corrected 3 n > Kl f(E) F
RIA values AEc,:. Averaging over all possible collision G = (My + Marged Mae (25)
parameters then yields the average (corrected) energy transferred b My My MMy f©F
[AEcordgiven in eq 18 -2 2 2
o9 q (mM + m[arge) mAB
[AE,,, = 2 MMaMsMotal SIKEcou (&) F - (18) Rotational-Energy Effects. Although the above discussion

assumes that the energy levels are associated with vibrational
motion, for diatomics, the consideration of rotational degrees
where angle brackets denote average values. of freedom is important as well. For decompositions involving
The total kinetic energy K of ions moving through agas  simple bond breaking without a recombination barrier, such as
under the influence of an electric field is comprised of terms diatomic dissociations, conservation of angular momentum

(mM + mtarge)zmAB

related to directed, Kecieq and stochastic, K& chasic Motion: requires rotational energy to be released into vibrational motion
as interatomic distance increases. The result is that the threshold
KE o F KE girected T KEgrochasil) (19) energy for vibrational dissociation becomes a (decreasing)

function of (increasing) rotational enerdiy; (eq 26)4!
KEstochasticrepresents that part of Kdg which is available for

conversion to internal energy and is thus equal ta§E Tes _ ’ B E_rot \/27(5_@)3/2
H : : : : : EO(Erot) EO 1 + (26)
is the ion temperature associated with that stochastic motion, E, 21\ E,
so that,IKEcomO= 3/kTer. Substitution forKEcomLin eq 18
yields enabling decomposition to occur over a range of vibrational
energies less thas,. Furthermore, although angular momentum
m doesn't vary during the period between collisions, it is altered
[AEc,[=3 T AmBmlzmal 2|"Teﬁ f(&)F (20) as the result of coIIisiorF])s, thereby inducing a corresponding
(my + mlarge) Mae change in the rotational energy. Rewriting eq 8 to take both
) o vibrational- and rotational-energy changes into account yields
The functionf(¢) is given by eq 21 a two-dimensional master equation involving a unimolecular
. dissociation rate coefficient and energy-transfer probabilities
_ 2 _ 4 which are dependent on both vibrational and rotational energy
f(6) = & eschi®). £=7 — @D e, kE) = ke(Euio Ero) ANAP(EE) = P(EutEroi Eviv Evod].
However, the solution of the two-dimensional equation is
where £ is the so-called adiabaticity parameterjs the AB formidable, requiring a 4-fold summation. The problem becomes
vibrational frequencyL is a characteristic distance for the more tractable if the probability functions for vibrational and
neutral-target atom interaction-(0.2 angstroms), ant-ag rotational-energy transfer are assumed to be independent of each

is the relative diatomic-neutral velocity. The impulse limit is other, thereby enablin@(Eui,EoiE'vin,E'rot) to be separated into
approached (i.e& — 0 andf(£) — 1) as the collision duration ~ Vibrational and rotational parts according to eq 27:
becomes short compared to the vibrational perldey-as <

1/v). Using the definition KEom = (um—asvm—as?)/2, where P(Eyio:Erot Evin E'rod) = Puin(Evin E'vin) Pro ErovE'rod)  (27)
unm-ag is the reduced mass of M and AB, gives the relative ) . o
diatomic-neutral velocity: Furt.hermore, the exponer!tlal down-step probablllty func'glon is
equivalent to the “unrestrictedJ exponential model”, which
3T was fognd to provide the best fit to rot:?\tional relaxation_ data
Vng = eff (22) for excited HCI* Therefore,Pgow(E;E') is used to describe
Un—-nB both vibrational and rotational-energy transfer in this study.
Independence of the vibrational and rotational probability
Because Kkow is directly related tdlef, the functionf(§) — 1 functions implies that the corresponding degrees of freedom are
as Teff — oo. decoupled during simultaneous energy transfer, or alternatively,

AssociatinglAEco[with vibrational energy up-steps allows that each collision results in exclusive rotational or vibrational
the following expression to be written fek;p: excitation. Although the physical reality of such assumptions
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about these processes is subject to question, detailed calculasectionzo? was assigned as 3%An the basis of radii of 1.85
tions'® comparing simultaneous vibratioralotational-energy and 1.7 A for Ta® and Ne, respectively.

transfer with exclusive vibrational or rotational transfer indicate  Initial vibrational and rotational energies for the intact
marginal differences in the final overall dissociation rate. diatomic ion are randomly chosen from a 300 K Boltzmann
Furthermore, a simple model which represdqgis as the sum distribution. The ion is then assigned a specific internal
of vibrational and rotational dissociation rates has given results temperature at which it undergoes collisional activation and
in good agreement with experiment. That is, adiabatic rotations deactivation during a random walk in energy space. Eachk ion
increase the purely vibrational dissociation rate by a factor equal neutral collision is assumed to result in one of three events:
to the sum of a series of purely rotational dissociation rates (1) an increase, (2) a decrease, or (3) no change in energy, for
(having threshold rotational dissociation energy given by the rotational as well as for vibrational processes because they are
inverse of eq 26, i.e.E(Evb), over all vibrational levels assumed to be independent of each other. The direction of ener-
below the critical energy. The upper limit &fiss for dissocia- gy change resulting from each collision is determined by com-
tions occurring as the result of either purely vibrational activation paring another random number of the same type to the prob-
or the combination of vibrational and rotational activation, ability for an energy down-steBgyownstep@s given by eq 32:
corresponds to situations in which equilibrium energy distribu-

tions are present. Thus, for the energy-transfer probabilities fE' exp_ E-E) 4E
given by egs 11 and 12, the maximum vibrational dissociation p _JE o _ KTy + 0 E<E
rate vzg%a is downstep C 2kTint+ o
' (32)
k\é'lg - 2 Pyipy EX (28) Note that for each collision two separate comparisons (each with
e \ib Evg=0 KTes a different random number) are required. The final step in the
simulation of energy transfer, the randomization of the energy-
and the maximum rovibrational dissociation rk@%’ib is step size for each collision, is accomplished by inverting the
e exponential energy-transfer probability function to give eq 33:
w 2 AE, o In(r) (33)
ib _ vib = -
ci);”snax - k\élisgn 1+ vib Z Pyib down
i i Eyip=0 .
Quio kd.ssw ’ whereAEgown represents the random energy down-step size and
—[Ep, + Em,max(Evib)] separate determinations are made for vibrational and rotational-
ex (29) energy transfers. Energy down-steps are constrained by assum-
KT ing that any collision for whiclAEgown > E is elastic and no
. o - . _ energy change occurs. Similarly, replacimgvith g in eq 33
where Qi is the vibrational partition function angl, is the allows the size of the vibrational and rotational energy up-steps

density of vibrational states. Given the very high unimolecular to be randomized. Although it is doubtful that equilibrium
dissociation rates for diatomic ions and relatively inefficient conditions exist during diatomic ion CID in the quadrupole ion
energy transfer associated with monatomic collision events, it trap, as noted above, simulations were also performed for
is improbable that equilibrium conditions exist during diatomic rotational equilibrium conditions to provide an upper limit for
ion CID in the quadrupole ion trap. However, factoring the expected dissociation rates (vide infra). For such simulations,
vibrationat-rotational probability according to eq 16 allows the the rotational energy was determined by random sampling from
nonequilibrium two-dimensional master equation to be solved a Boltzmann rotational-energy distribution.
by methods similar to those employed for the numerical solution  Dissociation kinetics can be simulated by terminating ion
of the corresponding one-dimensional (vibrational) master trajectories in energy space when the internal energy exceeds
equation. One such technique, termed the exact stochastiche (rotational-energy-dependent) barrier for dissociation given
method (ESMY,” monitors the evolution of ion internal energy  in eq 26, a procedure sometimes referred to as the sudden-death
over a series of ioaneutral collisions, with the intervals  approximation. The critical dissociation energy for TgO
between collisions and the direction and magnitude of the energy Eq(Ta*—0) = 7.63 + 0.15 eV, was derived from the neutral
change at each collision being determined via a Monte Carlo TaO bond dissociation energiy(Ta—0O) = 8.35+ 0.13 eV,
technique. and the IEs of Ta, IE(TayF 7.89 eV, and TaO, IE(TaO¥
Random Walk Procedure. In the ESM, the random time  8.61+ 0.02 eV, using eq 34:
interval T between ior-neutral collisions is
Ey(Ta" — 0) = E(Ta— O) + IE(Ta) — IE(TaO)  (34)
1, /1
=2 In(—) (30) , ,
w \r As noted above, this procedure assumes the unimolecular
) o o dissociation rate of an ion with an internal energy exceeding
wherer is a random number from the unit-interval distribution - the threshold for fragmentation is much faster than the deactiva-
(equal probability for any number between 0 and 1). The-on o, rate; the assumption is most valid for diatomic ions because
neutral hard-sphere collision frequency was calculated from eq heir Jifetimes at energies above the dissociation threshold is

3L on the order of a vibrational period. Performing a series of many
such random walks (i.e., simulating the dissociations of many
8T ions) and then plotting the number of undissociated parent ions

= Nro® T (1) as a function of excitation time yields a simulated CID

dissociation rate curve. Ensemble averaging of the histogrammed
N is the neutral number density,is the reduced mass of the internal energy data from each random walk enables the time-
collision pair, and the NeTaO" hard-sphere collision cross- dependent internal energy distribution of the ion population at
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Figure 1. Number of undissociated TaQons at 20 000 K i, =
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Figure 2. Simulated dissociation rates for TaO/Ne at a Ne pressure
of 0.5 mTorr as a function of effective temperature for rotatienal
vibrational dissociation and for vibrational dissociation only.
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Tet to be obtained. In addition, because vibrational- and ro- 0.0025 [ ' ' T T i T ]
tational-energy changes are simulated and tracked independently, TaO" Dissociation .
the vibrational and rotational distributions can be examined 0.5 mTorr Ne .

separately. 0.0020 |-

Results and Discussion
0.0015

Using the methods described above, simulations of TaO
dissociation via multiple collisions with Ne (0.5 mTorr, 300 «
K) were performed for 1Dions at various assigned values of
Tert and the corresponding vibrational-energy-transfer parameter
ouip (as determined from eq 25). For eaCky, the effects of
rotational dissociation were also considered by using rotational-
energy transfer parameters likely to represent the extremes of
such experiments, that is, far. = ayp and for rotational 0.0000 [, ' ' ' . ' : ' L]

A . . . 0.5 0.6 0.7 0.8 0.9 1.0 1.1 1.2 1.3
equilibrium, as well as for an intermediate conditiane = Resonance Excitation Amplitude (V)
10ayip. Figure 1, for example, shows a plot of the number of
undissociated Tadions as a function of time fofes = 20 000
K (avip = 0.135 eV andet = 10aip). Dissociation rategyiss
were obtained from the random walk simulations via the slope voltage in Figure 3. Over the range of resonance excitation
of the —In([TaO*]/[TaO" o) vs time curves as determined using voltages used, experimentally measukegf/w values ranged
linear least-squares fitting. Because collisional energy transferfrom about 2.6x 1074 to 2.3 x 103, Comparison of the
is rate-limiting at the Ne pressure used in these simulations, asexperimental dissociation rates with those determined from
well as at buffer gas pressures normally used for ion trap CID, simulations can provide an estimateTgf values attainable by
the simulatediss values are scaled by the collision frequency. collisional activation of strongly bound diatomic ions in a
For example, eq 31 yields a collision frequency of Q0* quadrupole ion trap. For examplégsdw for a resonance
s ! at 20 000 K. excitation voltage of M,—, was 1.5x 1073, If the simulated

Figure 2 compares the simulated dissociation rates determinedc,.Jw curves in Figure 2 fora,y = awip and rotational
in the above manner over the range of assigh@dalues used  equilibrium are assumed to represent the extremes of rotational-
in this work. As noted previously, diatomic dissociation can energy transfer, then the correspondiigvalue at that voltage
occur over a range of vibrational energies less than the critical js bracketed by approximately 16 000 (rotational equilibrium)
energy because rotational energy can be channeled into vibraand 25 000 K ot = owin), with an intermediate value of about
tional motion as the interatomic distance increases. Conse-19 000 K (o = 100i). The overall range of observed
quently, incorporation of rotational-energy transfer in the experimentakgsdw values is bracketed by correspondifig
simulations is seen to result in increased dissociation ratesyalues extending from about 13 500 to 18 000 K (rotational
relative to purely vibrational-energy transfer. For example, at equilibrium) and from approximately 19 500 to 27 000 d
20 000 K when rotational-energy transfer is excludegdw = ouip); the Terr range is about 15 56621 000 K for oyt =
(6.08 x 10°°) is somewhat less than that obtained at the lower 10q,,.
extreme of rotational-energy transf@io: = owi (3.03 x 1079 It is interesting to compare tHR estimates deduced herein
and significantly less than atot = 10 awip (1.75 x 1073) and by the correlation of experimental and simulated dissociation
at rotational equilibrium (5.43x 107%). For comparison  rates (vide supra) with those generated via a software package,
purposes, the maximum vibrational dissociation tkﬁi;ﬂa/w ITSIM, developed by Cooks’ group to simulate ion processes
from eq 28 is 1.16x 1072 and the maximum rovibrational  in quadrupole ion trap® lon trajectories are calculated numeri-
dissociation raté /o from eq 29 is 4.05< 102, cally in ITSIM as solutions to Newton’s equations for ion

Experimentakgsdw values for CID of Tad in the quadru- motion in electric fields which result from various ion trap
pole ion trap are plotted vs peak-to-peak resonance excitationoperating conditions and electrode geometiiggvalues, which

diss.

0.0010

0.0005 -

Figure 3. Experimental dissociation rates for Ta@ndergoing CID
via resonance excitation in 0.5 mTorr of Ne buffer gas.
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0.20- o

: " : ' T ' ] precluded by ion ejection from the ion trap, such an increase in
— Boltzmann ‘ temperature still was sufficient to drive dissociation rates to
o rotational vibrational excitation nearly 100 s!. Correlation of internal temperatures with
resonance excitation parameters was achieved by the use of
Arrhenius parameters for leucine-enkephalin previously obtained
via thermal dissociation rate measurements. The determination
of ion internal temperatures for various ion activation techniques
via that method is straightforward when the parent ion internal
energy distribution is Boltzmann. Such situations exist when
collisional activation and deactivation rates are far greater than
1 unimolecular dissociation rates, a condition termed the rapid
energy exchange limit. However, the probability of rapid energy
exchange conditions prevailing diminishes as the internal
L T e temperature increases and the number of degrees of freedom
2 4 6 8 10 of the parent ion decreases. Strongly bound diatomic ions
Vibrational Energy (eV) represent the extreme case because far higher effective tem-
Figure 4. Steady-state vibrational-energy distributions from ESM peratures are required to effect dissociation which is expected
simulations of TaO/Ne dissociation aler = 20 000 K uip = 0.135 to occur at vibrational frequencies, the result being a significant
eV, to = 100ip). The corresponding Boltzmann energy distribution  yeyjiation from a Boltzmann internal energy distribution.
\f,(;éliad ions fragmenting under equilibrium conditions is plotted as Although experimental results presented here suggest that such
temperatures are achievable via resonance excitation, the
correlation of effective temperatures with experimental param-
eters is problematic because heating the buffer gas to such
temperatures so as to achieve dissociation is obviously an
impractical approach.
Given the experimental difficulties associated with estimating

0.15f

P(E)
o
2

0.05+

T, = 20000 K .
o =100, . L,
Tot vib

represent the total random kinetic energy available to the
diatomic internal degrees of freedom, are subsequently calcu-
lated from the relative ionneutral velocities. For ITSIM

simulations using the Ne pressure (0.5 mTorr), resonance

excitation frequency (226 kHz), and range of excitation voltages . . o . .
q y( ) 9 9 the internal temperatures of diatomic ions undergoing collisional

.56-1.2 V- I in the T i iati i- L . X
(0.56 b-p) employed in the TaO dissociation experi activation in the ion trap, we have approached the problem via

ments, the predictedcr values (~15 000-24 000 K) are in . . . . et o .
good agreement with the estimates made above Dissociations'mmat'on techniques. For diatomic dissociations, conservation

rates could not be compared because our version of ITSIM did of the an_gular momentum requires rota_t|ona| energy to be
not incorporate simulated fragmentation processes. released into vibrational motion as the interatomic distance

It is notable that besides increasikgsrotational dissociation iqcrea§e§. Cpnsequently,_the thre§hold energy for vibra_tional
also has an effect on the internal energy distribution of a dissociation is a decreasing function of increasing rotational

dissociating Ta® ion population, which reaches steady state energy enabling_fragmentation to occur over a range of
during the linear portion of the-In([Ta0*]/[Ta0"o) vs time vibrational energies less than the binding strength of the

curve. Figure 4 compares the Ta@teady-state vibrational-  diatomic. Thus. in addition to vibrational-energy transfer, it is
energy distribution Tesr = 20 000 K, a0t = 100yip) following portant 1o Incorporate rotational-energy transte

1500 collisions for rotationalvibrational dissociation and simulations_to improve the accuracy of predi_cted dissociation
vibrational dissociation only; the curves have been normalized. rates. The simulation results reported here, which take bet T

The corresponding Boltzmann energy distribution for Ta@s and translationatrotational-energy transfer into consideration,
fragmenting under equilibrium conditions is plotted as well. suggest that effective temperatures in the tens of thousands of

Because dissociation occurs under nonequilibrium conditions Qegrees are required to dissociate a strongly bound diatomic

for such situations, the ion population cannot be maintained at ion such as TaQ even “r!der rotational _eql_ullbrlum cond|t_|o_ns.

the equilibrium Boltzmann distribution. Furthermore, examina- Furthermorg, the experlmentgl glatq indicate that cqlllsmnal
tion of the distributions reveals that rotational-energy transfer Zcmtlaa:rl(smc\gaa[ﬁ:()g?nggc:)s(g;anOtr;]em naecqeusiirrupc::aemlogr;afes
contributes to increased depopulation of vibrational energies as PP P Ing y peratures.

compared with vibration excitation only because the threshold F)iatr?'gaﬂo?l Orf th(;:rlr;]tefrnfl e;nt?irgytdls;mti):tlrcm alsao(;evealsl t?iatn
for vibrational dissociation is a function of rotational energy. 0? 3iborazo(ra1a?egr¥eraiez ?ascgom ;rg(si \?vithcv?t?f;[ioneep;cpi)tljiﬁog
For example, the normalized ion populations at 7 and 6 eV are 9 P

27.1% and 43.2%, respectively, of the equilibrium populations only. . L
for the purely vibrationgl simulgtion, whe?eas the sa[l)mg popula- Despite the remarkably high internal temperatures apparently

tions are 99.7% and 96.9% depopulated, respectively, for ach!tce\{gble tEy coII|5|onaI. ?ctlvaltlon Via 'Oh tr?Ffl_ r(e)s+or.1ance
rotational-vibrational dissociation. excitation, the average internal energvg i Of TaO" is

comparable to that present in much larger polyatomics during
CID because of the large difference in degrees of freedom. For

Conclusions
The relationship between ion activation conditions and ion number ofoscs g hw,
internal temperatures for high-mass polyatomic ions is the Eavg int= Z
subject of ongoing resear®?®4951 so it is interesting to - & hv,,
consider the results for dissociation of strongly bound diatomic ex -1
ions within that context. A recent ion activation study involving KTiny
protonated leucine-enkephalin, a five-residue polypeptide ion, v = oscillator frequency, & oscillator degeneracy

demonstrated a nearly 400 K increase in internal temperature
by the use of resonance excitation and helium as the bufféfgas. example, in this study, the predicted internal temperature for
Although achievement of higher internal temperatures was TaO" (1 internal degree of freedom) dissociating at 30 is
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about 20 000 K; the corresponding average internal energy at
that temperature is 1.67 eV. In comparison, an internal tem-
perature of approximately 610 K, corresponding to 3.61 eV

J. Phys. Chem. A, Vol. 105, No. 10, 2001889
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(11) Lammert, S. A.; Cooks, R. QRapid Commun. Mass Spectrom.
1992 6, 528.

(12) Wang, M.; Schachterle, S.; Wells, G.Am. Soc. Mass Spectrom.

average internal energy, was required to drive CID of protonated 1996 7, 668. '
leucine-enkephalin (219 internal degrees of freedom) at the same_ (13) McLuckey, S. A.; Glish, G. L.; Duckworth, D. C.; Marcus, R. K.

rate. Furthermore, it is notable that even at such high effective

Anal. Chem1992 64, 1606.

(14) Van Berkel, G. J.; Glish, G. L.; McLuckey, S. Anal. Chem.

temperatures the probability for formation of doubly charged 199q 62, 1284.

tantalum oxide ions (Ta®") via electronic excitation of TaO

is extremely low. The principle generally used to relate such 19
excitation probability to ion kinetic energy is the adiabatic

criterion of Masse§? which asserts that the maximum transition

probability occurs when the collision and electronic transition

times are comparable. Expressed in terms of the relative ion

neutral velocity corresponding to the maximum transition

probability vmax prob the Massey adiabatic criterion is ap-
proximated by

~ ainteracA E

Umax_prob™ h

where aineract IS the effective interaction distancAE is the
difference in energy between states, and Planck’s constant.
When the above equation is applied to the formation of a0
the first ionization energy of TaD(8.61 eV) can be substituted
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