International Journal of Mass Spectrometry and Ion Processes, 75 (1987) 181-208 181
Elsevier Science Publishers B.V., Amsterdam — Printed in The Netherlands

INTERNAL ENERGY DISTRIBUTIONS OF ISOLATED IONS
AFTER ACTIVATION BY VARIOUS METHODS

VICKI H. WYSOCKI, HILKKA I. KENTTAMAA *' and R. GRAHAM COOKS *
Department of Chemistry, Purdue University, West Lafayette, IN 47907 (U.S.A.)
(First received 2 September 1986; in final form 19 December 1986)

ABSTRACT

A number of activation methods have been compared by approximating internal energy
distributions, P(E), of selected activated ions. The ions chosen allow simplifying assump-
tions to be made concerning the determination of the energy distributions since they
fragment by several simple consecutive reactions. Ion abundance data, in combination with
known energetics of unimolecular fragmentation, are utilized to estimate the internal energy
distributions. Determination of P(E) is therefore not based on a specialized instrument or
technique and may be applied to ions which do not have stable neutral counterparts. The
data obtained are used to account for several important features of tandem mass spectrome-
try and to examine and compare different methods of varying ion internal energy. The results
show, inter alia, that (i) the general shapes of the energy distributions resulting from
collisional activation are relatively insensitive to ion structure; (ii) the average energy of ions
activated by collision in the kiloelectron volt or electron volt range of collision energy can be
comparable; (iii) in contrast to low energy collisional activation, the distribution of internal
energies produced by a kiloelectron volt collision is characterized by a finite probability of
depositing very high energies; (iv) the average energy of fragmenting (C,Hs),Si*" ions
appears to vary linearly with the collision energy in the 5-28 eV range. As the collision
energy increases, the width of the internal energy distribution appears to broaden.

INTRODUCTION

The internal energy distribution of a population of ions exerts a control-
ling influence on its reactivity. The dependence of the unimolecular rate
constant on ion internal energy lies at the heart of theories of mass spectra
[1-4] and some elegant experiments [5-10] have addressed this relationship.
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Furthermore, there are practical advantages to controlling ion internal
energy in mass spectrometry. Systematic variation of the amount of energy
present in fragmenting ions has proven to be useful, for example, in
optimizing molecular ion abundances [11-16] and in isomer differentiation
[15-18]. Unfortunately, few of the methods generally used to activate and
dissociate gas-phase ions allow easy, well-defined control of ion internal
energies over a wide range [19]. With the advent of tandem mass spectrome-
try as a tool in mixture analysis [20-22] and ion structural characterization
[20,23,24], the number of methods used to activate ions has increased. These
methods include collisions of fast ions with a stationary gas-phase target in
the high-energy (kiloelectron volt) [20,25-29] and low-energy (electron volt)
[20,30-33] ranges of laboratory ion kinetic energy, as well as photodissocia-
tion [34-37] and surface-induced dissociation [38,39]. Depending upon the
choice of experimental conditions, the individual methods allow some mea-
sure of control over the degree of excitation of a selected ion. The techniques
of angle-resolved mass spectrometry (ARMS) [20,24,40-42] and energy-re-
solved mass spectrometry (ERMS) utilizing collisional activation with gase-
ous targets [20,24,43-45] have proven to be especially useful in controlling
the extent of activation.

These developments focus attention on a central issue in mass spectrome-
try, viz. what is the internal energy distribution of a particular population of
isolated ions? In spite of extensive efforts, a great deal remains to be learned
about the internal energy distributions, P(E), of isolated ions [1,19]. Exist-
ing procedures used to characterize P(E) include differentiation of ioniza-
tion efficiency curves [46-50]. This method gives an estimate of P(E) but is
applicable only to ions generated by electron ionization or photoionization.
Photoelectron-photoion coincidence spectroscopy [7,8,51,52] accurately de-
fines the internal energy of ioms, but it is an experimentally difficult
technique and can only be applied to photoionization. Nevertheless, it has
supplied definitive values on P(E) distributions. It has been suggested that
modification of photoelectron spectra yields information on P(E) associ-
ated with electron ionization [1,10] and this approach has provided ex-
tremely valuable insights into unimolecular ion chemistry. There has also
been an attempt [27] to modify P(E) data obtained from photoelectron
spectra according to the ratio of ion abundances in the electron ionization
and collisional activation spectra to yield P(E) for collisional activation.
None of the above methods is applicable to ions which do not have stable
neutral counterparts and such ions present some of the most interesting ion
structural problems [53—59]. This limitation is avoided in approaches based
on the probability of electronic excitation in high-energy collisions, as in
studies in which transition probabilities were utilized to deduce P(E) curves
for ionized methane [60,61] and ionized toluene [60].
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Since P(E) has proven elusive, a number of workers have used a different
approach to obtain information on the energies acquired by ions upon
excitation. Comparison of the amounts of energy deposited using different
activation methods has been made on the basis of the extent of dissociation
of the activated ions. For example, the branching ratio of the fragmentation
products m/z 29 and m/z 31 has been used as a measure of energy
deposition in methanol molecular ions in high-energy collisions with differ-
ent targets [62] and in high-energy collisions which lead to scattering
through different angles [41,42,62-65]. Branching ratios have been used to
characterize energy deposition associated with photodissociation [66-69],
charge exchange [70,71], and low-energy collisional activation [71-75]. The
shapes of P(E), however, have not been reported, although the average
energy of the activated ion population was estimated in some of these
studies by comparison of the measured branching ratios with those obtained
independently, for example by photodissociation [73,75].

As a result of the efforts cited, generalizations have emerged regarding
P(E) of ions activated by different methods. Charge transfer data taken
over a range of collision energies combined with simple assumptions regard-
ing the velocity dependence of the cross-section for deposition of different
amounts of internal energy (the Massey adiabatic criterion) {76,77] led to the
conclusion that kiloelectron volt collisions result in a smooth P(E) with a
low-energy maximum and a long tail to higher internal energies [60].
Qualitative comparisons of the degree of fragmentation following collisional
activation vs. that obtained by electron ionization have provided [27] the
information that the average energy deposited in collisional activation is
often less than that supplied during 70 eV electron ionization. Using the
same approach, it was concluded that a smaller amount of energy can be
deposited in low-energy collisions than in high-energy collisions [75,78].
However, low-energy collisional activation is often very sensitive to the ion
kinetic energy [20]. Indeed, some recent results suggest similar [24,45,78] or
larger [71,73,79] average energy deposition upon low-energy collisional
activation than in high-energy collisional activation of certain compounds,
such as small phosphorus esters [45,79] and C,H,O™ ions [24].

The need for information on internal energy distributions associated with
activated ions prompted us to use a simple, systematic method to approxi-
mate and compare the distributions of internal energies of ion populations
after activation by different means [80]. Using these data, this paper seeks to
account for some important features of tandem mass spectrometry, such as
the effects of various experimental parameters on collisional activation. In
addition, different methods of varying ion internal energy are examined and
compared.
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EXPERIMENTAL

All data were derived from an average of at least five spectra. No
corrections were made for possible metastable ion contributions. Samples
were introduced into the mass spectrometers by direct insertion probes.
Electron ionization mass spectra (EIMS) were recorded using a Finnigan
triple quadrupole mass spectrometer [81] or a Finnigan 4000 mass spec-
trometer.

The low-energy collision-induced dissociation (CID) spectra were ob-
tained with a Finnigan triple quadrupole instrument [81] using argon as the
collision gas. Ions were generated by 70 eV electron ionization unless
otherwise noted. Argon pressure was monitored with a Bayard-Alpert
ionization gauge situated outside the closed collision chamber. The indicated
pressure was less than 3 X 10~¢ torr for single-collision conditions; a linear
increase in fragment ion abundances as a function of target pressure was
taken as a criterion for single-collision conditions [82]. For multiple-collision
conditions, the argon pressure in the collision chamber was raised until the
gauge pressure was about 5 X 1073 torr (about 2 mtorr in the collision
quadrupole). Under these conditions, ions which do not fragment during
activation undergo roughly 15 collisions with argon atoms (estimated from
the pressure limit of single-collision conditions). For charge exchange experi-
ments, the ion source was operated in the CI mode and 70 eV electron
ionization was used to ionize the charge exchange reagents (argon, xenon,
and CS,; recombination energies: 15.8, 12.2, and 10.1 eV, respectively) [83].
The nominal pressure of the reagent gas in the ion source was 0.2-0.3 torr.

High-energy collision-activated dissociation was performed with a reversed
geometry instrument of the MIKES type [84]. Radical ions were generated
by charge exchange using argon ions. The nominal ion source pressure was
0.3 torr. Air or argon was used as the collision gas at a pressure correspond-
ing approximately to single-collision conditions (an indicated pressure of
about 2 X 1073 torr as measured with a Bayard-Alpert ionization gauge
outside the collision chamber).

The compounds were obtained commercially and used without purifica-
tion.

RESULTS
Estimation of internal energy distributions
Mass spectra are calculated knowing (i) the fragmentation reaction se-

quences of the ionized molecules, (ii) the energy-dependent unimolecular
rate constants of each fragmentation reaction, (iii) the reaction time, and (iv)
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the internal energy distribution, P(E), of the ionized molecules [1]. In
principle, it is possible to rearrange these parameters and to determine P( E)
from the mass spectrum [10,27,49] or, more generally, from the daughter ion
spectrum of any selected ion [27,80]. The distribution P(E) then refers to a
population of ions which has been activated to cause dissociation. These
ideas have been employed in several attempts to determine P(E) on the
basis of mass spectra [10,27,49,80].

Application of the above concept to ions which fragment via complicated
mechanisms producing several products in a competitive fashion is difficult
due to the complexity of the calculations required. Moreover, detailed
breakdown curves [27] and reaction rate constants for each dissociation
reaction are needed. The procedure may be facilitated significantly by
choosing ions which allow simplifying assumptions to be made. Using this
approach, parent ions whose major fragmentation pathway consists of
several consecutive reactions with known activation energies and similar ent-
ropy requirements are desirable in the present study. It is assumed that all
except the most obvious kinetic effects are negligible, viz. all the parent ions
which have enough internal energy to dissociate do so and undergo the most
endothermic reaction open to them [85].

The simple method of approximating P(E) is illustrated using an ion P*
fragmenting via the reaction sequence
P+ N F1+ — F2+ N F3+

Ey(1) Ey(2) Ey(3)

All parent ions, P, with energies between the activation energies for
formation of F;" and F,' [Ey(1) and E,(2), respectively] are assumed to
fragment to yield F,", whereas ions P* with internal energies between E,(2)
and E(3) will fragment to F,", etc. The relative abundance of each
fragment ion (F,") is taken as a measure of the number of the ions P* with
internal energies in the energy range where the formation of the fragment
dominates. As an example, F;" is the major product of those ions P* which
have internal energies between E,(1) and E(2), with an unweighted average
energy of [ Ey(1) + Eo(2)]/2. The abundance of F;" divided by the energy
range Ey(2)-E,(1) gives the data point of P(E) at [Ey(1) + Ey(2)]/2. This
procedure is followed for each fragment, thus mapping the shape of P(E)
(see Fig. 1). The number and intervals of the data points are set by the
number of consecutive reactions and their activation energies. The larger the
number of reactions and the smaller the difference between their activation
energies, the more accurately the shape of P(E) can be estimated. The
method does not lend itself to determining fine structure which may be
present in P( E) distributions.

In the present study, appearance energies which were mainly determined
by electron ionization [83,86-91] are used without correction. Energy parti-
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Fig. 1. Determination of internal energy distributions, P(E), from ion abundances, [ F;}, and
activation energies for fragmentation Ey(i) (see the text). The curves are normalized to the
highest datum point.

tioning between the neutral and the ionic fragments and the kinetic shift are
taken into account by assuming that they are similar for electron ionization-
induced dissociation and for fragmentation induced by the other methods
studied. This is a rough approximation and may not hold in all instances;
for example, energy partitioning may be different at the threshold for
dissociation and far above the threshold. To minimize the problems caused
by energy partitioning, parent ions which fragment by loss of small neutrals
are used since small neutral fragments are not expected to carry much
energy in their internal degrees of freedom. Instrumental discrimination
effects as well as ion loss mechanisms, such as scattering and neutralization,
are not considered. Metastable ions, which represent a small fraction of total
ion abundance (typically less than 1%) are also neglected.

In contrast to many earlier attempts to characterize P( E'), which aimed to
describe the energy deposition upon formation of the ions, what is measured
here is the final internal energy distribution after ion formation and activa-
tion. As such, this approach is particularly appropriate for the estimation of
energy deposition in tandem mass spectrometry and in other situations in
which ions of low (sometimes negligible) internal energy are activated in
order to cause dissociation. In such circumstances, interest in the final
internal energy is tantamount to interest in the energy deposition upon
activation.
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Ions chosen for approximations of P(E)

Internal energy distributions were approximated for activated Fe(CO){",
W(CO)¢', Fe(CO), ", and (C,H;),Si* ions under different experimental
conditions. These ions meet the requirements necessary for simple ap-
proximation of P(E): each fragments via a single series of similar reactions
with no significant competitive reactions (see, for example, the spectra in
Fig. 3) and the activation energies for the fragmentation reactions are known
(Table 1). The linear fragmentation pathways which dominate for ionized
metal carbonyls are well established [92]. An organic ion which meets the
above requirements is difficult to find. Tetraethylsilane was chosen although
the entropy requirements of its reactions may differ more than desired. The
similarity of the P(E) of this ion to the P(E) of other ions used (see data)
suggests that the differences in the entropy requirements in this case are not
a controlling factor in approximate determination of P(E). Fragmentation
of (C,H,),Si™ follows a linear reaction sequence through formation of the
ion of m/z 59, but competition occurs between formation of the ions of
m/z 57 and m/z 31 from m/z 59 as energies above the threshold for
formation of both these fragments are reached. Only the lower energy
product, the ion of m/z 57, is considered in the calculations, even in the
cases where competition occurs. The P( E) distributions are not significantly
affected by this omission since the ions of m/z 57 and m/z 31 are minor
products under all forms of activation used.

Since all of the ions studied fragment by loss of small neutral fragments,
the assumption that only a small amount of energy is carried away by the
neutral fragment seems justified. A recent experimental (TPEPICO) break-
down curve for Cr(CO){" shows this to be a good assumption in the low
internal energy range, although it is less valid at higher internal energies [52].

The validity of the approach used in this study is supported by compari-
son of the P(E) obtained for electron ionization of W(CO), with the
corresponding photoelectron spectrum [93] (Fig. 2). There is a strong sim-
ilarity between the photoelectron spectrum and the P(E) obtained by our
approach. From Fig. 2, it is apparent that the gross features of P(E) are
well described by the present method, although fine structure cannot be
estimated.

P(E) data obtained

The results are presentéd in three separate sections. In the first section,
P(E) distributions of ions which have suffered a single high- or low-energy
collision with an atomic gaseous target are compared. In the second section,
P(E) distributions obtained for ions excited (and, in some instances, also
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TABLE 1

Thermochemical data

Ion m/z IE/AE ® E,?®
Fe(CO)? 196 8.0 0.0
Fe(CO)Z 168 9.1 1.1
Fe(CO): 140 10.1 2.1
Fe(CO)3" 112 11.3 33
Fe(CO)* 84 135 5.5
Fe* 56 15.5 7.5
FeC*t 68 23.6 15.6
W(CO); 352 8.5 0.0
W(CO)? 324 9.7 1.2
W(CO); 296 11.9 34
W(CO)7 268 13.7 5.2
W(C0)3 240 16.0 75
wW(ECoO)*™ 212 18.6 10.1
w* 184 21.5 13.0
W(C,0)* 224 25.9 17.4
(C,H;),Sit 144 10.5 0.0
(C,H;),Si 115 11.0 0.5
(C,H;),SiHY 87 12.5 2.0
(C,H;)SiHj 59 14.0 35
(C,H;)Si+ 57 19.4 8.9
SiH? 31 20.6 10.1
SiH* 29 26.8 16.3
Fe(CO);- 168 0.0 0.0
Fe(CO)3~ 140 0.3 0.3
Fe(CO)3~ 112 2.8 2.8
Fe(CO)™ 84 3.7 37
Fe™ 56 5.9 5.9

® The ionization energy (IE) for Fe(CO)s and the appearance energies (AE) for its fragments
are average values based on refs. 86-89. The IE(AE) for W(CO)4 and its fragments are
average values based on refs. 87-89. The IE(AE) for (C,H;),Si and its fragments are from
ref. 90, except for the value for (C,H;)SiH] which was estimated based on the assumption
that approximately the same amount of energy is needed to lose C,H, from m /z 115 and
m/z 87 (recent experimental data from our laboratory support this treatment). The data
for Fe(CO);  and its fragments are from ref. 91.

The activation energies for fragmentation, E,, were obtained by taking the difference
between the appearance energy, AE, for a given fragment and the ionization energy, 1E, for
the corresponding molecule.

generated) using a variety of other excitation methods are described. The
final section focusses on the effects of ion source as well as collision region
conditions on P(E) of ions activated by low-energy collisional activation.
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Fig. 2. Comparison of (a) the photoelectron spectrum of W(CO)¢ [93] and (b) the estimated
P(E) distribution for W(CO)}" ions generated and activated by 70 eV electron ionization.

P(E) of ions activated by single high- or low-energy collisions with a
gas-phase target

P(E) distributions obtained for Fe(CO)I" ions activated by a single
collision with a stationary argon target at high (7 keV) or low (5 eV, 28 eV)
laboratory ion kinetic energy are shown in Fig. 3. The collision-induced
dissociation (daughter ion) spectra which were used to derive P(E) are
shown in the same figure. The maximum internal energies of the ions after
collision is expected to be given by the sum of their center-of-mass kinetic
energy, E_,, and their maximum internal energy prior to collision, E,
(which is assumed to be equal to the activation energy of the lowest energy
fragmentation). These energies are indicated in Fig. 3(e) and (f) and they
agree reasonably well with the experimentally observed values.

The P(E) distributions obtained for (C,H;),Si* and W(CO)¢" activated
by single low- and high-energy collisions are shown in Figs. 4 and 5,
respectively. The expected maximum energies ( E_,, + E,) are in good agree-
ment with the observed maxima for (C,H;),Si* (for 28 eV laboratory ion
kinetic energy, the expected maximum energy is 6.6 eV, the observed is 6.3
eV), but not for W(CO){  (for 28 eV laboratory ion kinetic energy, the
expected maximum energy is 4.1 eV, but the observed is about 6.5 eV). The
most probable reason for the discrepancy between the expected and ob-
served maximum energies of fragmenting W(CO)¢  ions is that the ap-
pearance energies used to estimate P(E) for W(CO)¢" (see Table 1) are in
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Fig. 3. Collision-induced dissociation (CID) spectra, (a)-(c), and the corresponding P(E)
distributions, (d)-(f), obtained for Fe(CO)?{" ions activated by a single collision with a
gas-phase argon atom at 7 keV, 28, or 5 ¢V laboratory ion kinetic energy. The presence of the
FeC™ (m/z 68) ion for 7 keV CID indicates that the P(FE) distribution must extend to at
least 15.65 eV and also directs placement of the point corresponding to [Fe' ] midway
between Eq[Fe(CO)* ] and Ey(FeC™ ). .7 indicates uncertainty in the placement of a point
on the curve.

error; there is a great variation in the appearance energies reported in the
literature for this particular case [83]. Unfortunately, the correctness of the
energy axis of the P(FE) distributions depends on the accuracy of the
experimental method used to determine the appearance energies and these
can be poor for reasons discussed extensively elsewhere [1,5,83].
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Fig. 4. P(E) distributions obtained for (C,Hs),Si*" ions activated by a single collision with
a gas-phase argon atom at (a) 7 keV and (b) 5 eV or 28 eV laboratory ion kinetic energies.

The maximum energy deposited in all the ions studied is found to be less
than 4 eV in collisions with argon at 5 eV laboratory ion kinetic energy and
less than 6 eV in collisions at 28 eV (as calculated by subtracting E, for the
lowest energy dissociation process from the maximum energy indicated by
the curves). The shapes of the P(E) distributions obtained for low-energy
collisional activation are remarkably similar, regardless of the ion used, and
they also closely resemble those obtained for (C,H;0),PO™" in a pre-
liminary study [80]. The curves are smooth and show a single maximum. The
general shapes of the distributions obtained for high-energy collisional
activation are different from those of low-energy collisional activation, but
are also relatively insensitive to the ion chosen. Unfortunately, the distri-
bution of energies deposited in 5 eV, single-collision experiments cannot be
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Fig. 5. P(E) distributions obtained for W(CO){" ions activated by a single collision with a
gas-phase argon atom at (a) 7 keV and (b) 5 eV or 28 eV laboratory ion kinetic energies.

well characterized for the ions studied since very little fragmentation is
observed under these conditions. The abundance of the parent ion is not
used in the determination of P(E) associated with single-collision experi-
ments since the percentage of parent ions which have undergone a collision
without fragmenting is unknown. Therefore, the distributions presented for
single-collision conditions (Figs. 3-5) refer only to fragmenting ions; as a
result, no information is obtained on the probabilities of depositing energy
in the energy range E =0 to E = Ey(1).

Quantitative estimates of energy deposition were made using data ob-
tained for the (C,H,),Si*" ions. The fragmentation threshold is only 0.5 eV
for these ions and the average internal energy of the (C,H,),Si* ions prior
to collisional excitation can therefore be assumed to be negligible. The
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Fig. 6. The average energy of fragmenting (C,H;),Si*" ions after a single low-energy
gas-phase collision with argon is apparently a linear function of the ion kinetic energy in the
range of 5-28 eV (plotted as center of mass energy, E_).

average energy of (C,H,),Si* ions which fragment after a single 28 eV or 7
keV collision was found to be 1.6 eV in both cases (obtained from the curves
in Fig. 4 by weighting the distributions after setting P(E) =0 for E <
[Eq(2) + Ej(1)]/2). In the 5-28 eV collision energy range, the average
energy appears to vary linearly with the ion kinetic energy (Fig. 6), although
the quality of the data does not allow unambiguous determination of the
power of the energy dependence. Similar results for other systems were
obtained earlier in a comparison of branching ratios obtained by collisional
activation and charge exchange [71] and in an experiment in which the
inelasticity was directly measured [33]. At very low ion kinetic energies, the
fraction of the theoretical maximum energy, E_,, transferred into internal
energy is high, but it levels off at higher collision energies. This result is in
agreement with the suggestions of high transfer efficiency made earlier by
other groups based on comparison of (i) threshold behavior with that
expected on the basis of photoionization data [82] and (ii) branching ratios
obtained by collisional activation with those obtained by charge exchange
[71], photodissociation [73], and calculated breakdown curves [43].

P(E) of ions activated by other methods

Temperature effects on metastable ion abundances have been interpreted
to indicate that complex P(FE) distributions having multiple maxima and
minima are associated with electron ionization [10]. Photoelectron spectra,
which are based on a vertical ionization process like electron ionization,
support this conclusion [1,10]. It is of interest to check the present method
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Fig. 7. P(E) distributions obtained for (a) Fe(CO);  and (b) (C,H;),Si™" ions generated
and activated by 70 eV electron ionization.

against these results. If the shape of the P(E) distribution for electron
ionization is very different from the shapes observed for collisional activa-
tion, as the above reports suggest, similarities between electron ionization
mass spectra and collision-activated dissociation spectra cannot be deep-
seated. To address these questions, P(E) distributions were estimated for
W(CO){", Fe(CO);", and (C,H,),Si* ions generated (and activated) by
electron ionization [Figs. 2(b) and 7). In contrast to the curves obtained for
collisional activation of the same set of ions (Figs. 3-5), all these curves have
different shapes and two of them have at least two maxima. These results
agree with the earlier findings and suggest that detailed comparisons of
electron ionization and collision-induced dissociation spectra are by no
means straightforward.
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Charge exchange experiments are frequently used to vary ion internal
energy in a systematic fashion [6,16,70,71]. The energy deposition in these
experiments is assumed to be very well defined, in spite of the possibility of
collisional deactivation of the ions after electron transfer. Figure 8 shows the
P(E) distributions obtained for W(CO)g" generated and excited by charge
exchange with argon and xenon reagent ions. The curve obtained using Ar™
is very narrow indeed. The average energy deposited (6.4 eV) is close to the
expected value (7.3 eV), which is simply the difference between the recombi-
nation energy of the reagent ion and the ionization potential of the neutral,
RE(Ar*") — IEfW(CO)¢]. This suggests that collisional relaxation does not
present a serious problem in charge exchange of W(CO),, in spite of the
relatively high pressures employed. It should be noted, however, that the
example deals with an ion which fragments only by fast simple bond
cleavages and that deactivation may be competitive with slower reactions,
e.g. rearrangements, which dominate the fragmentation of some systems
such as (C,H;),Si™. Indeed, the P(E) of (C,H,),Si*" generated and
activated by charge exchange with Ar*" was found to be broad [about twice
as wide as the curve obtained for W(CO); ], which suggests that substantial
collisional deactivation occurs in this case. In contrast, the triethylphosphate
radical cation produced by charge exchange with Ar™ fragments only to
those ions (m/z 82, 99, 109) which are expected based on a narrow P(E)
centered near RE(Ar*) — IE[(C,H;0);PO]. This ion fragments via re-
arrangement reactions [80] and collisional activation does not appear to be
competitive with dissociation.

P(E)]

o i i
0 3/ Te 1 o 2 18
RE(%e*)-IPIW(CO)) EJWICO}) RE(Ar*)-1P(W(CO)y) eV

Fig. 8. P(E) distributions obtained for W(CO){" ions generated and activated by charge
exchange with xenon and argon ions.
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Effects of ion source and collision region conditions on P(E) due to low-en-
ergy collisional activation

Low-energy collisional activation has proven to be especially sensitive to
experimental conditions [20,31,32,45,79]. Therefore, it is of interest to ex-
amine how the P(E) of ions activated by low-energy collision depends on
some variables related to ion generation and excitation.

Figures 5(b) and 9 show P(E) distributions obtained for W(CO);" ions
generated by different methods prior to activation by a low-energy collision.
Electron ionization [Fig. 5(b)] and charge exchange with reagent ions having
different recombination energies (CS; ", Ar*"; Fig. 9) were used to ionize
W(CO), prior to low-energy collisional activation. No pronounced dif-
ferences are seen in the P(E) distributions obtained for the activated ions.

Effects of target pressure in low-energy collisional activation were studied
using Fe(CO)3", W(CO){', and (C,H;),Si*" ions. When target pressure is

(@) _
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i | 1 L 1 ! 1 | 1 1 i 1 1 1 J
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P(E)]
/—28 1%
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I /] I I L 1 1 1 ] 1 1 i 1 1 | J
(4] 3 6 9 12 15 gy 18

Fig. 9. P(E) distributions obtained for W(CO){" ions generated by charge exchange with (a)
CS;" and (b) Ar™" and activated by a single collision with a gas-phase argon atom at 5 or 28
eV laboratory ion kinetic energy.
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EfSiCH3) eV

Fig. 10. Apparent P(E) distributions obtained for (a) Fe(CO)?', (b) W(CO)¢', and (c)
(C,Hj),Si" ions generated by electron ionization and activated using 5 or 28 eV laboratory
ion kinetic energy and multiple-collision conditions (argon target).



198

AVERAGE INTERNAL ENERGY (eV)
N W s @ )
T T T T
o

1 L 1 1 | 1 }

] 2.2 33 4.4 5.4 6.5
Ecmlev)

Fig. 11. The apparent average energy deposited by multiple gas-phase collisions increases
rapidly with ion kinetic energy, accessing larger energies than are available in single-collision
conditions (cf. Fig. 5).

high enough, a parent ion may undergo several activating collisions. More-
over, fragment ions may themselves be activated and dissociate [31,45,79,
94-96]. The results presented here are based on the final outcome of all
these dissociation events and therefore differ fundamentally from those
obtained using single-collision conditions. The P( E) distributions shown for
multiple-collision conditions (Fig. 10) indicate the apparent energy distribu-
tion which, if deposited in the parent ion in one activation step, would result
in the same product ion distribution as is actually obtained under conditions
in which both the parent ion and its fragment ions undergo collisions. These
P(E) distributions indicate that multiple activating collisions result in a
significantly larger apparent average energy deposition than that obtained in
a single collision (Figs. 3-5). This is the expected result based on earlier
studies of pressure effects on low-energy CID spectra {1,32,94]. An average
internal energy of ca. 5.6 eV would be needed to produce the same
dissociation pattern from (C,H;),Si"" ions activated in a single collision as
is obtained for (C,H,),Si*" ions with 28 eV initial kinetic energy under
conditions where roughly 15 collisions take place between argon atoms and
(C,H,),Si" ions and /or their fragments (Fig. 11). This amount of energy is
about 3.5 times that obtained after a single 28 eV collision (1.6 eV; Fig. 6).
The apparent P(E) distributions obtained for Fe(CO);  activated using
multiple-collision conditions in two different instruments, a Fourier trans-
form mass spectrometer (FTMS) [97,98] and a triple quadrupole instrument,
are compared in Fig. 12. These curves are similar, in spite of the very
different time scales of the two instruments and in spite of the unknown but
probably wide range of collision energies associated with the FTMS experi-
ment [74,97]. The negative ion P(E) distributions (Fig. 12) are relatively
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Fig. 12. Apparent P(E) distributions obtained for Fe(CO),; activated under low-energy
multiple-collision conditions (argon target) in (a) a Fourier Transform mass spectrometer
(FTMS) at 10™° torr and (b) a triple quadrupole mass spectrometer at about 2 mtorr. The
Fe(CO), ion abundance was not used in the determination of P(E). Ion abundances for
P(E) approximation associated with the Fourier Transform mass spectrometer were obtained
from ref. 98.

narrow in comparison with those obtained for positive ions (Fig. 10). This
narrowness suggests that collision-induced electron detachment may be
competing with collision-induced dissociation of the negative ions. Note
that, although Fe(CO),  does not have a stable neutral counterpart, its
P( E) distribution can be estimated.

DISCUSSION
General characteristics of P(E) associated with different activation methods

The internal energy distributions presented in the previous section show
the following characteristics. (i) In low-energy collisional activation, P(FE)
shifts to higher energies with increasing collision energy, as expected
[24,43,45,71,75,82]. However, as the collision energy increases, the width of
the distribution appears to broaden, which is a drawback. (ii) Internal
energy deposition can be increased in low-energy collisional activation by
increasing target pressure. (iii) Significantly higher roral energy deposition is
available in high-pressure, low-energy collisional activation than in low-en-
ergy collisional activation under single-collision conditions. However, notice
that the way in which the energy is deposited is different for these experi-
ments. (iv) The P(E) distribution obtained for high-energy collisional
activation has a low probability, high-energy tail which is absent for low-en-
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ergy collisional activation. This result is in accordance with an electronic
excitation mechanism for high-energy collisional activation [60,76,77], as
expected. (v) The average internal energy of ions excited under single-colli-
sion conditions can be comparable for high- and low-energy collisions,
depending on the collision energy used in the low-energy experiment. (vi)
The average amount of energy present in ions generated by 70 eV electron
ionization is higher than that observed for ions which have suffered either a
high- or a low-energy collision. (vii) The apparent amount of energy deposited
by multiple collisions in a Fourier Transform ICR spectrometer can be
comparable with that obtained by multiple collisions in a triple quadrupole
mass spectrometer. (viii) P(E) distributions obtained for ions generated and
activated by charge exchange can be narrow, but are not necessarily so. In
this experiment, energy is deposited within a moveable envelope whose
position and width are dependent on the recombination energy of the
reagent ion used and on the relative rates of dissociation and collisional
relaxation of the activated ions.

The results described above rationalize a number of earlier experimental
findings. For example, it has been found that breakdown graphs obtained by
varying the ion kinetic energy in collisional activation employing eV colli-
sions do not always show much change at higher collision energies (above 30
eV) [24,43,74,99]. This can be explained by the finding that variation of ion
kinetic energy causes only a small relative change in P(E), mainly broad-
ening the P(E) curve. Therefore, significant changes in CID product
distributions as a function of kinetic energy are expected only if the ion
studied does not have a dominant low-energy reaction pathway. The low-
probability, high-energy tail obtained for high-energy collisional activation,
but not for low-energy collisional activation, is at least part of the reason
why processes of high endothermicity, such as charge stripping and charge
inversion, are commonly seen in collisional activation at high kinetic energies
(keV) but not the electron volt regime [20].

A comparison of P(E) distributions obtained using different methods to
vary ion internal energy shows that, in the case of ions which fragment by
fast reactions, P(E) associated with charge exchange can be significantly
narrower than that associated with the other activation methods (variation
of ion kinetic energy or target pressure in low-energy collisional activation).
The drawbacks of the charge exchange method are that the internal energy
deposited in the ions can not be varied continuously, since it depends on the
recombination energy of the reagent ion used, that only ions which have
stable neutral counterparts can be studied [16], and that collisional deactiva-
tion may occur for those ions which fragment by slow reactions. A prom-
ising method for varying ion internal energy is offered by a recently
introduced activation method, surface-induced dissociation [38,39], which is
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applicable to ions generated by various methods. Moreover, preliminary
results [100] suggest that the ions which fragment after collision with a

surface have a narrow distribution of energies and that hicher average
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energies can be accessed than by any other collisional activation method.

It was confirmed that total energy deposition can be significantly in-
creased by increasing target pressure in low-energy collisional activation.
This is not meant to suggest that multiple-collision and single-collision
conditions are different only in the amounts of energy deposited. Use of
multiple activating collisions, which involves stepwise energy deposition,
may lead to serious complications in attempting to characterize ion structure
since (i) both parent ions and fragment ions may undergo collisions and (ii)
activated ions may isomerize between collisions. Indeed, this has been
demonstrated in recent publications [45,79]. For ion structural characteriza-
tion, single-collision conditions should be used. However, high target pres-
sures may be analytically useful in those cases where only a few structurally
characteristic fragments are observed under single-collision conditions.

It must be stressed that similar internal energy distributions of ions
activated using different methods do not necessarily result in similar product
distributions. In particular, effects of different time scales must always be
taken into account. In cases where only small energy barriers separate
isomeric ion structures or where the lowest energy reactions are relatively
slow, activation methods and/or instruments having different time scales
may produce remarkably different dissociation patterns, in spite of similar
energy depositions.

Effects of differences in P(E) on fragmentation patterns

Ionized polynuclear aromatic hydrocarbons are known to produce numer-
ous ionic dissociation products upon a high-energy collision but yield only a
few fragments upon a low-energy collision [78]. On the other hand, some
small organophosphorus compounds produce nearly identical fragmentation
patterns when these two activation methods are used [45,79]. The observa-
tion of different extents of fragmentation upon high- vs. low-energy collision
for some compounds, but not for others, can be explained using typical
shapes of the P(E) distributions associated with these methods of activa-
tion.

Figure 13(a) and (b) show typical shapes of P(FE) distributions of ions
after a high- or a low-energy collision, respectively, together with the
approximate activation energies of some fragmentation reactions of ionized
phenanthrene. The activation energies are obtained by taking the difference
between the appearance energy of each fragment and the ionization poten-
tial of phenanthrene [83]. It is seen that low-energy collisional activation
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cannot deposit energies large enough for most of these reactions to occur.
Accordingly, only those fragmentation products with the lowest energy
requirements are observed in the low-energy daughter ion spectrum of the
phenanthrene molecular ion [Fig. 13(d)]. In contrast, high-energy collisional
activation has a low but finite probability of depositing high internal
energies. Therefore, while most of the phenanthrene ions activated by a
high-energy collision do not have enough energy to fragment, some of them
acquire very high internal energies. The daughter ion spectrum recorded
[Fig. 13(c)] is a result of fragmentation of these high-energy parent ions.
Thus, the reasons for the dramatically different spectra obtained for ionized
phenanthrene upon low- and high-energy collisional activation are the high
activation energies of the major fragmentation reactions and the absence of
a high-energy tail in the internal energy distribution associated with low-en-
ergy collisional activation.

In contrast to phenanthrene, ionized dimethyl phosphonate fragments
mainly by low-energy pathways [45,83], as indicated by the activation
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Fig. 13. Typical P(E) distributions for ions after (a) high-energy (7 keV) or (b) low-energy
(28 eV) collision with a gas-phase argon atom, and collision-induced dissociation daughter
spectra of phenanthrene ions at (¢) 7 keV and (d) 28 eV laboratory ion kinetic energies (argon
target). Activation energies for various fragmentation products of phenanthrene, e.g. m/z
152, 151, 163, etc., are indicated by vertical lines on the P(E) curves.
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Fig. 14. Typical P(E) distributions for ions after single (a) high-energy (7 keV) or (b)
low-energy (25 eV) collisions with argon and collision-induced dissociation daughter spectra
of dimethyl phosphonate ions at (c) 7 keV and (d) 25 eV laboratory ion kinetic energies
(argon target). Activation energies for various fragmentation products of dimethy! phos-
phonate, e.g. m /z 80, 95, etc., are indicated by vertical lines on the typical P(E) curves.

energies shown in Fig. 14(a) and (b). Differences in the internal energies
deposited by high- and low-energy collisional activation are not large in the
low internal energy range of P(E) and hence the spectra obtained for
ionized dimethyl phosphonate ions by these methods show only minor
differences [Fig. 14(c), (d)].

Spectra obtained for the (C,H;0),C" ion (m/z 147) activated by various
methods (Fig. 15) further demonstrate the control of P( E) over fragmenta-
tion patterns. The average energy required to produce the major fragments

—45 -28 -28 -28 -18
m/z192 - m/z147 - m/z119 - m/z 91 - m/z 63 — m/z 45

presumably increases as more neutral molecules are eliminated, viz. in the
order m/z 119 <m/z 91 <m/z 63 <m/z 45. The spectra indicate that
much larger average energy deposition is achieved upon multiple low-energy
collisions [Fig. 15(b), major peak at m/z 63] and upon electron ionization
[Fig. 15(d), major peak at m/z 63] than in a single high- or low-energy
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Fig. 15. Collision-induced dissociation daughter spectra of (C,H;0),C* ions (a) activated by
a single gas-phase collision at 28 eV ion kinetic energy, (b) activated using 28 eV ion kinetic
energy and multiple collision conditions, and (c) activated by a single gas-phase collision at 7
keV ion kinetic energy. (d) 70 eV electron ionization mass spectrum of (C,H;0),C [the
molecular ion (C,H;0),C* is not stable under these conditions and fragments to
(C,H;0);C*|. The (C,H;0),C* ion (m /z 147) is omitted from all the spectra to facilitate
comparison.

collision [Fig. 15(a) and (c), major peak at m/z 119], in agreement with
expectations based on the typical shapes of P(E). The electron ionization
mass spectrum of (C,H;0),C [Fig. 15(d)] is similar to that obtained for
(C,H;0),C* using 28 eV collision-induced dissociation under multiple-colli-
sion conditions [Fig. 15(b)]. In contrast, the electron ionization mass spec-
trum and the spectra obtained using a single activating collision are quite
different, in agreement with P(E) distributions for these activation meth-
ods.

An interesting aspect of the data in Fig. 15 is the formation of two
high-mass, odd-electron products (m/z 102 and m/z 132) upon high-energy
collisional activation. The corresponding peaks do not appear in any of the
other spectra. The ions are therefore probably due to the high-energy, low
probability tail of the P(E) distribution associated with the high-energy
collision experiment. It is concluded that the activation energies of the
reactions forming the ions of m/z 102 and m/z 132 must be very high.
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These reactions correspond to loss of an ethoxy radical or a methyl radical,
respectively, from the (C,H;0);C* ion. In each of these reactions, two
odd-electron products are formed from an even-electron ion, a process
which contravenes the even-electron rule [1,11] and normally requires a large
amount of energy.

CONCLUSIONS

Typical shapes of internal energy distributions and their relative positions
on the energy axis were determined for isolated ions activated by different
means. Information about the average internal energies of the ions was also
obtained. However, the quantitative results should be considered as directive
only, since the accuracy of this information is directly related to the
correctness of the literature values of the appearance energies used to
estimate P(E) and because of several simplifying assumptions made in the
treatment.

The great diversity of shapes of P(E) demonstrates that a general
knowledge of internal energy distributions of activated ions is of tremendous
practical importance, especially in tandem mass spectrometry where various
activation methods are used to dissociate ions. The data described in this
paper rationalize a number of experimental findings, such as the sensitivity
of low-energy collisional activation towards collision energy and target
pressure. Results such as the limited sensitivity of P(E) associated with
collisional activation towards ion structure will be of importance in choosing
the most suitable activation method for a particular ion type, as well as in
the interpretation and comparison of results obtained for different ions or
under different experimental conditions.
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