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Abstract

This is a review of the gas-phase reactions, in beam type mass spectrometers, that change the charge states of ions. Th
Cooks research group has been a leader in both the understanding and use of these charge-changing reactions. The charge
ions can be manipulated in beam type instruments via collisions with neutral gas atoms or molecules in the high ion kinetic
energy regime. The two major processes, charge inversion and charge stripping due to high energy ion/neutral collisions, are
discussed. Charge permutation reactions often result in the formation of unique ion structures that aid in the differentiation of
isomers. The products of charge permutation reactions may possess excess internal energy that cause the ions to fragment, ar
these fragment ions may provide complementary information to that obtained from high energy collision-induced dissociation.
The charge of ions also can be changed as a result of a collision with a surface in the low ion kinetic energy regime. Charge
exchange and charge inversion processes that occur as a result of low energy ion/surface collisions are presented. (Int J Mas
Spectrom 212 (2001) 219-227) © 2001 Elsevier Science B.V.
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1. Introduction dissociation (CID), but in some cases product ions
of increased mass are observed as a result of
In tandem mass spectrometry (MS/MS) experi- ion/molecule association reactions. The term “mass
ments, a parent ion is selected in the first stage of spectrometry” thus appears to be an apt description.
analysis. This ion subsequently undergoes some However, it is the mass-to-charge ratio that is
type of reaction and the mass-to-charge ratios of the typically being measured, not just the mass. Often
product ions are measured with the second stage ofoverlooked are reactions in which the charge state
mass spectrometry. The conventional reactions in- of an ion changes.
volve changes in mass, most commonly dissocia- The emergence of electrospray ionization com-
tion into smaller mass ions in collision-induced bined with ion trapping instruments (both quadru-
pole ion traps and ion cyclotron resonance instru-
+ Corresponding author. E-mail: glish@unc.edu ments) increased the use of charge permutation
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[6—10] can readily be performed. However, these
are relatively new entrants into the charge permu-
tation reaction repertoire. The first charge permu-
tation reactions were electron-stripping reactions
that occurred upon ion/neutral collisions at kilo-
electron volt ion kinetic energies in beam instru-
ments. An advantage of these reactions is that with
beam instruments, unique scans can be done to
screen samples for compounds that undergo char-
acteristic charge permutation reactions, unlike ion
trapping instruments. Subsequent to the charge
permutation reactions observed with ion/neutral
collisions at kiloelectron volt ion kinetic energies,
other charge permutation reactions have been ob-
served in surface-induced dissociation (SID) exper-
iments with ions having tens of electron volts of
kinetic energy.

This article provides an overview of charge per-
mutation reactions performed on beam instruments.
Aswill be seen, G. Cooks and coworkers were major
contributors to the development and application of
charge permutation MS/MS reactions in beam instru-
ments as well as providing insight into the fundamen-
tals of such reactions.

2. Charge permutation reactions in gaseous
collisions

2.1. Charge inversion of negative ions

In the kiloelectron volt (keV) collision energy
range, when a negatively charged ion collides with a
neutral target gas molecule, N, two electrons may be
removed from the anion. As shown in reaction (1),

M™+N—->M"+N + 2e" (1)

the charge of a molecular anion is inverted; thus, the
products of the reaction include the molecular cation,
the neutral target, and two free electrons.

It is possible for the neutral target gas molecule to
capture one of the free electrons. Reaction (1) is
highly endothermic. The minimum energy (E..)
required by reaction (1) is given by equation (2)

Emin = EA(M) + 1E(M) )

where EA(M) is the electron affinity of the molecule
and IE(M) is the ionization energy of the molecule.
Eq. (2) assumes that the reactants are in their respec-
tive ground states. The minimum energy would be
lowered if the reactants were to possess any excess
internal energy prior to the collision. If the minimum
energy required for charge inversion is exceeded, the
excess energy deposited can cause subsequent frag-
mentation of the newly formed molecular cation. The
energy to effect charge inversion comes from conver-
sion of some of the kinetic energy of the ion into
internal energy. The change in kinetic energy of an
ion can be measured readily using an €electric sector.

One fundamental application of negative ion
charge inversion is the determination of a molecule's
electron affinity. For example, the peak resulting from
chargeinversion of Cl~ to form ClI™ was compared to
the peak arising from CI~ [11]. The difference inion
translational energy between the two peaks should
correlate to the sum of the electron affinity and
ionization energy of Cl—, as indicated by Eq. (2).
Provided the ionization energy is known, the electron
affinity can be calculated.

Charge inversion of negative ions was first per-
formed by Stapleton and Bowie [12] and is observed
nearly exclusively in sector instruments. Early work
involving the investigations of charge inversion reac-
tionstook place using forward geometry sector instru-
ments [12-15]. The direction of the electric (E) and/or
magnetic (B) field of the individual sector(s) may
have to be reversed with respect to that required to
pass negatively charged ions extracted from the ion
source (see Table 1), depending upon where the
reaction occurs. If the charge inversion happensin the
first field free region, the direction of the electric
sector field is reversed (positive). The positively
charged ions can be detected at an intermediate
detector between the electric and magnetic sectors, or
aternatively, the field direction of the magnetic sector
can be reversed to pass the positively charged ions to
the final detector. This class of spectra is generally
called “+E" spectra, designating the direction of the
electric sector field. The charge inversion can occur in
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Table 1

221

Summary of instrumental settings necessary to observe products of charge inversion reactions; The location of where the charge-changing
collisions occur is denoted by (*), and the possible use of an intermediate detector between the two sectors to observe the ions formed by

charge-changing collisions is denoted by (#)

First
Polarity of field-free  Polarity of Second Polarity of
ions created  collision  ions passed by  field-free ions passed by
in source region electric sector collision region  magnetic sector  Information obtained
Charge inversion  — * + * + +E spectrum
of negative - - * + Scan magnetic sector to observe
ions dissociative charge inversion
Charge inversion  + * - * - —E spectrum
of positive + + * - Scan magnetic sector to observe

ions

dissociative charge inversion

the second field free region, requiring no change in
the direction of the electric sector field, but areversa
of the magnetic field direction. A scan of the magnetic
sector records dissociation products (both metastable
and collision-induced) originating from parent ions
that undergo charge inversion and subsequent frag-
mentation in the second field free region.

Charge inversion experiments became more prev-
dent with the advent of reverse geometry sector
instruments [16]. The mass-selected negative ions
undergo charge inversion in a collision cell between
the magnetic and electric sectors. The undissociated
positively charged ions possess the same kinetic
energy-to-charge ratio as the negative parent ions
extracted from the ion source, but opposite polarity,
and thus require a reversal of the electric sector field
(positive) to pass to the detector. This is the most
common way of acquiring a +E spectrum. With the
reverse geometry configuration, the magnetic sector is
scanned and the electric sector acts as afina filter to
avoid interferences (pesks resulting from metastable
or CID processes). This instrumental setup is a com-
mon approach used for examining dissociative charge
inversion processes because mass-analyzed kinetic
energy spectrometry (MIKES) can be used to measure
the m/z values of any positively charged product ions
that are formed following charge inversion [15].
These product ions are detected ssimply by selecting
the negatively charged parent ion of interest with the
magnetic sector and then scanning the electric sector
(after reversing the field direction).

Negative ion charge inversion has proved useful
because fragmentation of some negative ions yields
few if any structuraly informative ions. Positively
charged ions formed by charge inversion often disso-
ciate to produce a variety of fragment ions. For
example, negative ion CID of fluoranthene produced
no detectable product ions, whereas charge inversion
of negatively charged fluoranthene produced an abun-
dance of positively charged fragment ions [17]. Some
classes of compounds are readily ionized by negative
ionization techniques. Negative chemical ionization
techniques also can be very selective, making them
attractive ionization methods for the analysis of cer-
tain classes of compounds in complex mixtures. Only
the desired components are ionized, greatly simplify-
ing mass spectra. Consequently, the negative ion
mode may be the preferred analysis mode of some
compounds by mass spectrometry. Charge inversion
of these negative ions can provide much needed
structural information from the subsequent dissocia-
tion. In the fluoranthene example discussed previ-
ously, selective negative chemical ionization was
combined successfully with charge inversion to verify
the presence of fluoranthene in a complex mixture
[17].

Extensive fragmentation may occur during charge
inversion that does not occur during conventiona CID
of the positively charged ions. This is because of the
nature of the high-energy collision resulting in the
formation of M ™. The duration of a kiloelectron volt
collision event is shorter than that of a molecular
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vibration, allowing the removal of the two electronsto
be a vertical process. Consequently, the structure of
the resulting cation closely resembles that of the anion
[12]. If the most stable structure of the cations is
significantly different than that of the anions, then the
cations formed during charge inversion will be cre-
ated in an excited state and possess excess internal
energy that is available for fragmentation. The forma-
tion of cations through this process may yield cations
not available by any other means. Polyaromatic hy-
drocarbons (PAHS) such as fluoranthene exhibit little
or no fragmentation in their negative fragment ion
(CID) spectra because of the inherent stability of their
conjugated ring systems. However, the charge inver-
sion experiment provides extensive fragmentation,
allowing different ring structures to be differentiated.
lons that undergo dissociation following charge
inversion may yield unique fragment ions because of
the nature of the ions sampled by charge inversion.
Because reaction (1) is highly endothermic, a more
representative sampling of the total ion population
occurs with dissociative charge inversion than with
conventional CID. During CID, higher internal energy
ions are preferentially sampled, and these ions are
more likely to have already isomerized [18].
Dissociative charge inversion of negative parent
ions has played an important role in ion structure
elucidation. The earliest application of negative ion
charge inversion in the study of isomers was the
differentiation of dinitrobenzenes [12]. In an attempt
to determine the identities of PAHs in solvent-refined
coal, charge inversion was used to distinguish isomers
such as pyrene and fluoranthene [17]. The charge
inversion MS/MS spectra of the M~ parent ions of
pyrene and fluoranthene were distinctive enough to
tell them apart. Another example involved character-
izing akylbenzenes with the molecular formula
CgH, by the unique fragment ions that appeared in
the charge inversion spectra. Ethylbenzene was dif-
ferentiated from xylenes via charge inversion of the
(M-H) ™ ions, whereas al of the isomers were identi-
fied via charge inversion of the (M-H,) " ions [19].
Similarly, the degree to which different isomers un-
dergo reaction (1) could be used to differentiate them.
The ortho and para isomers of hydroxybenzoic acid

were differentiated by comparing their charge inver-
sion spectra [18]. The relative intensities of the
(M-H)™ ions, formed by charge inversion of o- and
p-hydroxybenzoic acid (M-H) ™ ions, were 20:1, re-
spectively. In this example, the presence of unique
fragment ions generated from the charge inversion of
the two isomers was not necessary to be able to
differentiate them. Structural information on nitroben-
zoyl derivatives of amino esters was provided by
combining data from negative ion mass spectra and
dissociative charge inversion spectra [13]. Charge
inversion spectra of polypeptides provided amino acid
composition information that proved complementary
to the sequence information found in conventional
CID spectra [20]. Structures of ions undergoing gas-
phase Dieckmann condensation were established us-
ing charge inversion spectra, and the proposed con-
densation mechanism was verified, in part, by these
results [21]. These examples highlight charge inver-
sion spectra as sources of unique information that is
often complementary to the data obtained by other
methods, such as CID.

On occasion, however, the extensive fragmentation
observed in charge inversion can obscure low energy
fragmentation processes that might differentiate iso-
mers. As an example, the isobars 9-methylfluoran-
thene and 9-fluoranone give indistinguishable charge
inversion spectra yet the standard negative ion CID
spectra readily differentiate these species [22].

2.2. Charge inversion of positive ions

A similar process to reaction (1) can occur for
positive ions. An example is shown in reaction (3)
M™ + N—M" + N2* (3

The minimum energy (E,.,i,) required by reaction (3)
is given by

Enin = IE"(N) — EA(M) — RE(M™) 4

where IE"(N) is the double ionization energy of the
neutral target gas, EA(M) isthe electron affinity of the
molecule, and RE(M ™) is the recombination energy
of the positively charged molecule. A two-step charge



A.S Danell, G.L. Glish/International Journal of Mass Spectrometry 212 (2001) 219-227 223

inversion process is aso possible, as illustrated in
reaction (5)

M* + N—>M + N* (5a)
M+N->M"+N* (5b)

A single electron is transferred to a neutral target
molecule in reactions (5a) and (5b) as opposed to the
double electron transfer occurring in reaction (3). The
minimum energy (E.,;,) required by reactions (5d)
and (5b) is given by

Emin' = 21E(N) — EA(M) — RE(M™) (6)

where the ionization energy of the neutral target gas
molecule is doubled instead of including its double
ionization energy. Because the double ionization en-
ergy of a molecule is larger than twice its single
ionization energy, the E,;, value required for the
one-step charge inversion process is larger than the
E..i' valuerequired for the two-step charge inversion
process. Experimentally, the two mechanisms of pos-
itive ion charge inversion can be distinguished by
evauating the intensity of the charge-stripping peak
as a function of the target gas (N) pressure [23].
Reaction (4), the one-step mechanism, shows first
order dependence on the target gas pressure. The
sequence of reactions (5a) and (5b), the two-step
mechanism, shows a squared law dependence on the
target gas pressure.

The instrumental configuration necessary to ob-
serve charge inversion of positive ions was first
reported by Keough and colleagues [24]. As was the
case for the observation of charge inversion of nega-
tive ions, the directions of the electric and magnetic
sector fields must be set correctly to pass the ions of
interest, which depends on where in the mass spec-
trometer the charge inversion of the positive ions
occurs (Table 1). Forward geometry instruments were
used because charge inversion of positive ions was
first characterized prior to the development of reverse
geometry instruments. The direction of the electric
sector field must be reversed (negative) to pass the
anions formed by charge inversion in the field free
region preceding the electric sector. The ions can be
detected at an intermediate detector, between the two

Table 2

Comparison of ions appearing in positive ion, negative ion, and
—E mass spectra of toluene[24,42]; The asterisk (*) denotes the
base pesk of the mass spectrum

Spectra of Toluene m/z Values of Abundant lons

Positive lon Mass Spectrum 92, 91*, 65, 39
Negative lon Mass 84, 73, 49, 25*

Spectrum

—E Mass Spectrum 65*, 61, 49, 48, 39, 37, 36, 25, 24

sectors, to obtain an ion kinetic energy spectrum
without performing mass analysis [25]. The direction
of the magnetic sector field can be reversed, and ions
can be mass analyzed at the final detector [24].
Charge inversion spectra of positive ions are generi-
caly referred to as “—E" spectra, specifying the
direction of the electric sector field needed to pass the
product anions.

Charge inversion also can occur in the second field
free region, between the two sectors of a forward
geometry instrument. In this case, the direction of the
electric sector field is left unchanged to pass posi-
tively charged ions. The direction of the magnetic
sector field must be reversed to pass negatively
charged ions. A spectrum acquired in this manner
would not be called a —E spectrum because the
direction of the electric sector field passes ions with
the same polarity exiting the ion source. Typically, it
is called a charge inversion mass spectrum [25].

Although charge inversion of positive ions has not
been exploited as extensively as charge inversion of
negative ions, the same feature of unique ion forma-
tion is observed. The structure of the anion formed by
charge inversion will be the same as the structure of
the parent cation because charge inversionisavertica
process. The structure of the anion may not be the
most stable structure the anion would normally adopt
[24]. Thus, extensive fragmentation of the uniquely
structured anion is observed, resulting in the forma
tion of fragment ions not necessarily seen in conven-
tional CID spectra (see Table 2). Again, the comple-
mentary nature of spectra arising from charge
inversion and CID is asserted [25]. The position of the
charge inversion peak in the —E spectrum can be
compared to the absolute value of E to determine
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Table 3

Summary of instrumental settings necessary to observe products of charge stripping reactions; The location of where the charge-changing

collisions occur is denoted by (*)

Polarity of ions  First field-free  Polarity of ions Polarity of ions

created in collision passed by Second field-free  passed by

source region magnetic sector  collision region electric sector Information obtained

Charge stripping  + * +Y2 +Y2 E/2 spectrum

+ + * +% E/2 spectrum; Mass
selection can
occur in magnetic
sector

unknown values in Eq. (4) or (6) [26]. For example,
for charge inversion processes occurring through the
one-step mechanism, the double ionization energy of
the target molecule can be determined, given the other
guantities present in Eq. (4) are known [27].

Applications of charge inversion of positive ions
include the investigation of excited states of halogen
ions [23] and the determination of double ionization
energies of target gas molecules, as well as the
evauation of the stability of anions based on the
propensity of cations to undergo charge inversion
[25]. For example, ions of the genera formula C H™
(n=1-6) were readily formed from benzene cations,
whereas CgHg ~ ions were not [24]. These results were
attributed to the effect that the instability of certain
negatively charged ions could have on the likelihood
of positively charged ions to undergo charge inver-
sion.

2.3. Charge stripping

In the keV collision energy range, when a singly
charged ion collides with a neutral target gas mole-
cule, N, an electron may be removed from theion. An
example is shown in reaction (7)

M™ +N—->M?"+ N+ e (7)

The minimum energy (E,.,i,) required by reaction (7)
is given by

Emin = IE(M™) (8

where IE(M ™) is the ionization energy of the singly
charged ion. Eq. (8) is written assuming the reactant
M™ isin its ground state [28].

Charge stripping events are observable on both
forward and reverse geometry instruments by setting
the electric sector to half of the value needed to pass
M~ (see Table 3). The newly formed doubly charged
ion will be passed at this value because it possesses
the same kinetic energy as M ™" but twice the charge,
so the kinetic energy-to-charge ratio is one half of the
original value for M*". Hence, the spectrum produced
is termed an “E/2" spectrum. Fragment ions may be
detected when the magnetic sector is scanned to
mass-analyze charge-stripping ions formed in the first
field free region in forward geometry instruments. A
method to avoid the confusion of charge stripping
peaks with fragmentation peaks has been established.
By scanning the accelerating voltage and performing
an E/2 scan, any overlapping peaks due to charge
stripping and fragmentation can be resolved [29].
Because fragment ions release energy during frag-
mentation (kinetic energy release), they have a broad
kinetic energy distribution and thus a broad peak in
the mass spectrum, whereas the charge-stripping peak
appears as an intense, narrow peak readily distin-
guishable from the broad peak due to fragmentation.

Performing charge stripping experiments on re-
verse geometry instruments avoids most interference
problems, except in the case when the ion of interest
dissociates exactly in half and appears at the same
mass-to-charge as the charge stripping peak [15].
Charge stripping experiments are observed most eas-
ily when they occur in a collision cell between the
magnetic and electric sectors, with mass selection
occurring in the magnetic sector and the electric
sector set to E/2 [30]. It has been reported that oxygen
is one of the most efficient choices for the collision
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Table 4
Relative abundances of products of charge stripping or CID processes for three CgHg ™" isomers: benzene, 1,5-hexadiyne, and
2,4-hexadiyne[33]
Reaction Process Benzene 1,5-Hexadiyne 2,4-Hexadiyne
[78]" — [78]" " Charge stripping 8 2 1
[78]* — [52] " CID 10 10 10
[78]"" — [39]* CID 4 2 3

gas [31]. As is the case with dissociative charge
inversion, MIKES can be employed to detect frag-
ment ions (both doubly and singly charged ions being
possible) resulting from charge stripping.

Charge stripping experiments can be used in fun-
damental studies of ion energetics. If the ionization
energy of the neutral molecule of interest is known,
the position of the charge-stripping peak in an E/2
spectrum relative to the actual value of E/2 can be
used to calculate the double ionization energy of the
molecule. The determination of the double ionization
energy is difficult to achieve otherwise [26,30]. The
internal energy distributions of doubly charged ions
are also of interest. The internal energy distributions
of singly charged ions formed by electron ionization
have been well characterized, but those of doubly
charged ions formed by the same ionization method
had been little studied. A method previously used to
approximate the internal energy distributions of singly
charged ions was applied to doubly charged ions
formed by charge stripping [32]. First, dissociative
charge stripping experiments of the thermometer ion
W(CO)q " were performed. Critical energies for the
fragmentations of W(CO)." were determined sepa-
rately, and it was assumed that W(CO)g " ions resided
in their ground states because the ions have such long
lifetimes that it was likely that they were not excited.
This information, together with the charge stripping
spectra, led to the determination of the internal energy
distributions of W(CO)3".

Aswas discussed with the case of charge inversion
processes, ions formed by charge stripping that sub-
sequently fragment might yield different fragment
ions than ions dissociated by conventional CID.
Again, higher energy ions that are more likely to have
undergone isomerization are preferentially sampled
during CID. Because of the high endothermicity of

the charge stripping reaction, stable isomers that have
not interconverted are included in the population of
ions that undergo charge stripping [30,33,34]. The
ions sampled by charge stripping are a more uniform
representation of all ions present than the population
of ions that undergo CID. Consequently, charge
stripping can be a useful tool in differentiating iso-
mers based on differences in fragmentation patterns.
For example, CqHq ™ isomers have been distinguished
based on the relative propensities of the isomers to
undergo charge stripping. High-energy CID spectra of
these isomers did not include any marked differences
among the spectra[33] (Table 4). The extent to which
certain compounds undergo charge stripping also was
used to determine the site of cationization of ions
formed by chemical ionization [34]. The compounds
studied included dihydroxybenzoic acids, cresols, and
methylanilines. Chemical ionization reagents trans-
ferred protons, methyl cations, or ethyl cations to the
compounds of interest and charge stripping spectra
were acquired. Two sites of protonation or alkylation
were possible: on the ring or the substituent. By
performing charge stripping, it was determined that
the compounds that produced significant charge strip-
ping peaks in the E/2 spectra were protonated or
alkylated on the ring, and the compounds that pro-
duced little or no charge stripping peaks were proto-
nated or alkylated on the substituent.

Complex mixture analysis also has been achieved
with charge stripping. The analysis of nitrogen-con-
taining compoundsin coal liquids has been carried out
successfully [35]. Nitrogen-containing compounds
tend to undergo charge stripping because nitrogen can
stabilize the additional charge acquired by the ion.
The presence of nitrogen-containing compounds was
verified in the coa liquid sample by the presence of a
peak in the E/2 spectrum. Further analysis was re-
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quired to identify the species undergoing charge
stripping, because the isomers tetrahydroquinoline
and tetrahydroisoquinoline would appear a the ob-
served mV/z value. Based on each isomer’s propensity
to undergo charge stripping, tetrahydroquinoline was
identified as the compound present in the real world
sample.

3. Charge permutation collisions in surface
collisions

The early development of SID occurred exclu-
sively in the Cooks group [36—38]. Although the
primary goal, asin CID, is the changing of the mass
of the ion colliding with the surface, the charge of the
ion can also change. A mgjor experimental difference
between the gaseous collisions leading to charge
permutation discussed previously and ion/surface col-
lisionsisthe kinetic energy of theion. All the gaseous
reactions discussed previously occur with ion kinetic
energies of at least several kilovolts. lon/surface
reactions typically are at ion kinetic energies of tens
of eV. Thus, whereas sector mass spectrometers are
used for gaseous charge permutation reactions, qua-
drupole based instruments are typically used for
ion/surface collision experiments [39]. Due to this
huge difference in ion kinetic energy, several reac-
tions analogous to those observed in the gas phase
have been observed.

Perhaps the most common charge permutation
reaction occurring in ion/surface collisions is charge
exchange between a positive singly charged ion and
the surface [36]. This reaction depends upon the
nature of the surface and the ion, with clean metal
surfaces being the most favorable for promoting this
process. In most cases, thisis an undesirable reaction
because there is no ionic species left to detect in the
mass spectrometer. However, one class of ions pro-
mote a unique chemical sputtering process [40,41].
When organofluorine ions impinge on a “dirty” sur-
face at collision energies between 50 and 150 eV, a
mass spectrum containing even electron C,, Cg, and
C, hydrocarbon ions is obtained, with no organofluo-
rine ions observed. Simple thermodynamics is insuf-

ficient to explain the observation as nonfluorinated
ions with similar thermodynamic properties are not
observed to promote this chemical sputtering process.

For doubly charged positive ions, charge exchange
with the surface results in a singly charged ion that
can subsequently be detected in the mass spectrome-
ter. In astudy of ions from toluene (C,H,, n=6-8) the
data suggest that the doubly charged ion first under-
goes charge exchange and then dissociates. As the
charge exchange process is quite exothermic, this
could provide a source of energy for fragmentation in
addition to energy from the collision of the ion with
the surface. The reverse charge permutation reaction,
charge stripping to go from a singly charged to a
doubly charged ion, is not observed in ion/surface
collisions. This is perhaps not surprising given the
exothermicity of the electron transfer from the surface
to adoubly charged ion. So, whereas energies can be
accessed that should be sufficient to strip an electron
from the ion, such species are not observed.

The other electron stripping process, charge inver-
sion where a negative ion is converted to a positive
ion, can be observed inion/surface collisions[40]. For
the deprotonated benzoate anion, some intact posi-
tively charged parent ion is observed, but the domi-
nant peak in the spectrum is the phenyl cation. The
charge inversion reaction in which a positive ion is
converted to a negative ion has also been observed in
ion/surface collisions. C;F2 can pick up two electrons
from the surface. The corresponding anion is not
observed but fragment ions C,F; and F~ are ob-
served. Both these charge inversion reactions should
be endothermic, athough the positive to negative
reaction could be exothermic if the ion is interacting
with a clean metal surface.

Overall, the charge permutation reactions occur-
ring during ion/surface collisions have not been dem-
onstrated to be nearly as useful as the gaseous charge
permutation reactions. Although charge permutation
reactions in beam instruments are rarely used today,
they have the capability of providing complementary
information to CID and SID and have played an
important role in gaining an understanding of funda-
mental ion energetics and gas phase chemistry.



A.S Danell, G.L. Glish/International Journal of Mass Spectrometry 212 (2001) 219-227 227

Acknowledgement

This paper is dedicated to Graham Cooks on the
occasion of his 60" birthday. G.L. Glish thanks
Graham for his mentorship, friendship and inspiration
over the last 25 years and looks forward to continuing
this for the next 25 years.

References

[1] SA. McLuckey, G.L. Glish, G.J.V. Berkel, Ana. Chem. 63
(1991) 1971.
[2] SA. McLuckey, G.JV. Berkel, G.L. Glish, J. Am. Chem.
Soc. 112 (1990) 5668.
[3] E.R. Williams, J. Mass Spectrom. 31 (1996) 831.
[4] JL. Stephenson, Jr., T.G. Schaff, SA. McLuckey, J. Am. Soc.
Mass Spectrom. 10 (1999) 552.
[5] R.R.Ogorzaek Loo, R.D. Smith, J. Am. Soc. Mass Spectrom.
5 (1994) 207.
[6] W.J. Herron, D.E. Goeringer, SA. McLuckey, J. Am. Soc.
Mass Spectrom. 6 (1995) 529.
[7]1 W.J. Herron, D.E. Goeringer, S.A. McLuckey, Anal. Chem.
68 (1996) 257.
[8] JL. Stephenson, Jr., S.A. McLuckey, Anal. Chem. 70 (1998)
3533.
[9] JL. Stephenson, Jr., SA. McLuckey, J. Mass Spectrom. 33
(1998) 664.
[10] A.H.Payne, G.L. Glish, Int. J. Mass Spectrom. 204 (2001) 47.
[11] J.H. Bowie, Acc. Chem. Res. 13 (1980) 76.
[12] JH. Bowie, T. Blumentha, J. Am. Chem. Soc. 97 (1975)
2959.
[13] B.J. Stapleton, JH. Bowie, Org. Mass Spectrom. 11 (1976)
429.
[14] M.M. Bursey, Mass Spectrom. Rev. 9 (1990) 555.
[15] T. Ast, JH. Beynon, Int. J. Mass Spectrom. lon Phys. 32
(1980) 385.
[16] J.H. Beynon, R.G. Cooks, JW. Amy, W.E. Baitinger, T.Y.
Ridley, Anal. Chem. 45 (1973) 1023A.
[17] D. Zakett, J.D. Ciupek, R.G. Cooks, Ana. Chem. 53 (1981)
723.
[18] G.A. McClusky, R.W. Kondrat, R.G. Cooks, J. Am. Chem.
Soc. 100 (1978) 6045.

[19] A.G. Harrison, H.Y. Tong, Org. Mass Spectrom. 23 (1987)
135.

[20] M.J. Bertrand, P. Thibault, Biomed. Environ. Mass Spectrom.
13 (1986) 347.

[21] D.J. Burinsky, R.G. Cooks, J. Org. Chem. 47 (1982) 4864.

[22] M.V. Buchanan, I.B. Rubin, M.B. Wise, G.L. Glish, Biomed.
Environ. Mass Spectrom. 14 (1987) 395.

[23] T. Keough, JH. Beynon, R.G. Cooks, Int. J. Mass Spectrom.
lon Processes 16 (1975) 417.

[24] T. Keough, J.H. Beynon, R.G. Cooks, J. Am. Chem. Soc. 95
(1973) 1695.

[25] R.G. Cooks, Coallision Spectroscopy, Plenum, New York,
1978.

[26] C.J. Porter, JH. Beynon, T. Ast, Org. Mass Spectrom. 16
(1981) 101.

[27] K. Levson, H. Schwarz, Mass Spectrom. Rev. 2 (1983) 77.

[28] T. Ast, JH. Beynon, R.G. Cooks, Int. J. Mass Spectrom. lon
Phys. 11 (1973) 490.

[29] D.L. Kemp, JH. Beynon, R.G. Cooks, Org. Mass Spectrom.
11 (1976) 857.

[30] K.L.Busch, G.L.Glish, SA. McLuckey, Mass Spectrometry/
Mass Spectrometry: Techniques and Applications of Tandem
Mass Spectrometry; VCH, New Y ork, 1988.

[31] T. Ast, C.J. Proctor, C.J. Porter, JH. Beynon, Int. J. Mass
Spectrom. lon Phys. 40 (1981) 111.

[32] R.G. Cooks, T. Ast, B. Krdj, V. Kramer, D. Zigon, J. Am.
Soc. Mass Spectrom. 1 (1990) 16.

[33] R.G. Cooks, J.H. Beynon, J.F. Litton, Org. Mass Spectrom. 10
(1975) 503.

[34] SJ. Pachuta, I. Isern-Flecha, R.G. Cooks, Org. Mass Spec-
trom. 21 (1986) 1.

[35] D. Zakett, V.M. Shaddock, R.G. Cooks, Ana. Chem. 51
(1979) 1849.

[36] M.D.A. Mabud, M.J. Dekrey, R.G. Cooks, Int. J. Mass
Spectrom. lon Processes 67 (1985) 285.

[37] R.G. Cooks, T. Ast, M.A. Mabud, Int. J. Mass Spectrom. lon
Processes 100 (1990) 209.

[38] R.G. Cooks, T. Ast, T. Pradeep, Acc. Chem. Res. 27 (1994)
316.

[39] M.E. Bier, JW. Amy, R.G. Cooks, J.E.P. Syka, P. Ceja, G.
Stafford, Int. J. Mass Spectrom. lon Processes 77 (1987) 31.

[40] M.E. Bier, M. Vincenti, R.G. Cooks, Rapid Commun. Mass
Spectrom. 1 (1987) 92.

[41] M. Vincenti, R.G. Cooks, Org. Mass Spectrom. 23 (1988)
317.

[42] R.T. Aplin, H. Budzikiewicz, C. Djerassi, J. Am. Chem. Soc.
87 (1965) 3180.



