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Abstract: Multiply-charged anions derived from electrospray have been subjected to reactions with singly-charged
cations of argon, krypton, and xenon in a quadrupole ion trap. The doubly-charged anion formed from a sulfonated
azo dye and the highest negative charge states formed from the polyadenylates 5’-d(AAA)-3’, 5"-d(AAAA)-3’, and
5’-d(AAAAA)-3’ served as the anionic reactants. In each case, extensive fragmentation of the anionic product,
which presumably is a radical anion, was observed. Comparison of the observed decomposition products arising
from ion/ion reactions with product anions formed via collisional activation of the even-electron species of the same
charge state, as formed directly by electrospray, shows significant differences. While both the even-electron and
odd-electron species hold some fragmentation pathways in common, the odd-electron species show one or more
additional decomposition channels. Furthermore, in the case of the polyadenylate anions, the ion/ion reactions showed
more nearly equal contributions from the major dissociation channels that yield sequence information than did
collisional activation of the corresponding even-electron anions.

Introduction

Gas-phase multiply-charged ions derived from large poly-
atomic molecules, including biopolymers, have recently become
amenable to study due to the advent of electrospray,! matrix
assisted laser desorption,? and massive cluster impact.> These
species present new challenges to the ion chemist due to their
large numbers of degrees of freedom and to the unique condition
in which like charges are present on the molecule at remote
locations. Both the multiplicity of possible higher order
structures and the influence of internal Coulombic repulsion add
to the complexity in understanding the behavior of these ions
in the gas phase. Nevertheless, the rapidly growing importance
of the ionization methods just mentioned, most notably in
biochemical research, makes issues of multiply-charged ion
structure and reactivity particularly relevant.

While multiple charging adds a new dimension of complexity
in understanding ion chemistry, it can facilitate the study of
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high mass ions by reducing mass-to-charge ratios, and by
increasing the likelihood that reaction products carry charge.
The latter characteristic facilitates the study of multi-step
reaction sequences via one or more of a variety of tools available
to the ion chemist. Ion chemistry studies to date have principally
emphasized unimolecular reactions involving dissociation.* Such
reactions have typically involved some form of ion activation,
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most frequently via energetic collisions. Several groups have
also studied ion/molecule reactions involving proton transfers
between a multiply-charged ion and a neutral acid or base.’
McLafferty et al. have studied H/D exchange reactions by use
of gaseous D,0 the results from which suggest that distinct
higher order structures of multiply-protonated proteins can co-
exist in the dilute gas phase depending upon the method of ion
preparation.® X

While most ion chemistry studies involving multiply-charged
ions have involved inelastic and reactive collisions with neutral
atoms and molecules, a few reports have also appeared involving
ion/ion reactions. Ogorzalek-Loo et al., for example, have
reported on the merging of oppositely charged ions in a high-
pressure region within an electrospray ion source.” Recently,
we reported on the proton transfer reactions of oppositely
charged ions within the context of a tandem mass spectrometry
experiment in a Paul trap.® These studies involved the proto-
nation of multiply-charged oligonucleotide anions by protonated
pyridine. We noted that essentially no fragmentation was
observed in these reactions despite the rather large exothermicity
expected for mutual neutralization. It was inferred from these
observations that the relative translation created by the attraction
of oppositely-charged ions is apparently not partitioned ef-
ficiently into internal degrees of freedom of the products upon
proton transfer.

In this paper, we describe the study by tandem mass
spectrometry of gas-phase electron transfer reactions involving
multiply-charged closed shell anions and the rare gas cations
of argon, krypton, and xenon. This constitutes an ion/ion
reaction type for which an ion/molecule reaction analog
involving a multiply-charged biopolymer has yet to be dem-
onstrated. That is, while proton transfer ion/molecule reactions
were noted long before ion/ion proton transfer was studied, there
is no evidence as yet for electron transfer in the gas phase
involving a high-mass multiply-charged even-electron biomol-
ecule.® In the case of multiply-charged closed shell anions
reacting with rare gas cations, the initially formed charged
product is assumed to be a radical anion. Odd-electron multiply-
charged ions are not formed directly by any of the ionization
methods that yield multiply-charged high mass ions. The ability
to form such ions in the gas phase by ion/ion electron transfer,
therefore, might provide information complementary to that
available from closed-shell ions.

Experimental Section

Samples and Apparatus. The oligonucleotides 5'-d(AAA)-3’, 5'-
d(AAAA)-3’, and 5'-d(AAAAA)-3’ were obtained from Pharmacia,
Milwaukee, WI, as the sodium salts. The dye-Direct Red 81 was
obtained from Aldrich, St. Louis, MO. Solutions were prepared by
dissolving the sample in a drop of HPLC-grade water and diluting with
HPLC-grade methanol to give a concentration of 1—25 uM in at least
9:1 methanol—water (v/v). All solutions were infused at rates of 0.25—
1.0 uL/min through a 120 xm i.d. needle held at a potential of —3000
to —3500 V.
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All experiments were carried out with a home-made electrospray
source coupled with a Finnigan-MAT (San Jose, CA) ion trap mass
spectrometer modified for injection of ions formed external to the ion
trap. Details of the electrospray/ion trap interface have been described.®
Electron ionization was effected by drilling a 3 mm diameter hole
through the ring electrode and by mounting a heated filament near the
ring electrode such that electrons could be gated into the trapping
volume. The electron gate electrode was controlled by a variable length
pulse generator (Stanford Research Systems, Model 535) actuated by
a trigger pulse from the ion trap mass spectrometer electronics. This
arrangement allowed for independent control of anion accumulation
and cation formation. In all cases, the multiply-charged parent anions
were accumulated and isolated prior to cation formation.

For the case of ion/molecule proton transfer involving dianions of
Direct Red 81, trifluoroacetic acid served as the gaseous acid and was
admitted into the vacuum system to a pressure of roughly 1 x 1077
Torr. For the case of ion/fion proton transfer involving dianions of
Direct Red 81, protonated pyridine served as the cationic reagent.
Pyridine vapor was leaked into the vacuum chamber to a pressure of
1—3 x 1077 Torr. At this pressure, the radical cation of pyridine is
converted quantitatively to protonated pyridine via self-chemical
ionization within 10 ms. This time frame is short relative to the reaction
times of several hundred milliseconds to one second required for
significant formation of ion/ion reaction products. For the ion/ion
electron transfer experiments, one of the ionized rare gases (argon,
krypton, or xenon) served as the cationic reagent. The rare gas was
admitted to a pressure of ~5 x 107 Torr (uncorrected) and the duration
of the ionizing electron pulse was adjusted to accumulate a sufficient
number of cations to yield product ions over the course of several
hundred milliseconds of anion/cation storage. Argon, krypton and, to
a lesser extent, xenon ions undergo charge exchange with low mass
background species in the vacuum system requiring much longer
ionization times (up to 30 ms) than required for the protonated reagent
involved in the ion/ion proton transfer experiments.

fon Manipulation and Mass/Charge Analysis. Anions were
injected axially into the ion trap for periods ranging from 0.1 to 1.0 s.
The radio-frequency (rf) sine-wave amplitude applied to the ring
electrode during ion injection ranged from 700 to 1000 V zero-to-peak.
In all cases, helium was admitted into the vacuum system to a total
pressure of 1 mTorr with a background pressure in the instrument of
2 x 1075 Torr without the addition of helium.

Details of ion isolation for high-mass multiply-charged ions have
been given previously.!' A single resonance ejection scan was used
for isolation of parent ions. Low m/z ions were ejected by passing the
ions through a g, value of 0.908 by scanning the amplitude of the ring-
electrode rf sine wave. High m/z ions were ejected by dipolar resonance
ejection scan using a 12 V p—p sine-wave signal applied to the end
caps at a frequency selected to eject ions at an m/z value slightly greater
than that of the parent ion. Parent ions were isolated prior to the 0.2—
1.0 s ion/ion reaction period at less than unit resolution to avoid parent
ion loss, due either to dissociation or ejection from off-resonance power
absorption.

Mass/charge analysis was effected after the completion of all ion
isolation and reaction periods using resonance ejection'? to yield a mass/
charge range of 1300. The mass/charge scale for the ion/ion reaction
spectra was calibrated using the electrospray mass spectrum of the
parent compound. In this work, the mass/charge ratios of the various
charge states of the parent compound were known and could be used
to determine a correction for the mass scale provided by the ion trap
data system. The mass accuracy associated with mass/charge assign-
ments in the MS/MS and MS” experiments is on the order of 0.2% or
better. The spectra shown here were typically the result of an average
of 50—100 individual scans.
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Gas-Phase Electron Transfer Reactions

MH§++ B

MH" + BH*
MH;"-B

(M- 2H)* + BH

M-Hy+ B

(M- 2H)%---BH*

Figure 1. Energy diagrams for multiply-charged ion/molecule and
multiply-charged ion/ion proton transfer reactions.

Results and Discussion

In comparing and contrasting ion/ion reactions with ion/
molecule reactions it is important to recognize that the reactions
proceed over very different energy surfaces. While proton
transfer, for example, involving multiply-charged ions reacting
both with neutrals and with oppositely charged ions has been
demonstrated, the thermodynamics and the kinetics of the
reactions are very different. Figure 1 shows generic energy
diagrams for ion/molecule and ion/ion proton transfer reactions
drawn in analogy with the Brauman diagram'? often used to
represent proton transfer reactions. The entrance channel for
the multiply-charged ion/molecule reaction is governed at long
range by attractive polarization forces whereas the exit channel,
in which two products of like charge are formed, is dominated
by a repulsive 1/r potential at long range. This creates a barrier
in the exit channel the magnitude of which is determined by
the strength of the Coulomb field at the transition state. The
occurrence or non-occurrence of the reaction is therefore not
determined solely by the relative thermodynamic stabilities of
the reactants and products. This situation has been discussed
within the context of the chemistry of both small multiply-
charged ions'* and high-mass multiply-charged ions.> In
contrast, the ion/ion reaction is dominated by the long-range
attractive 1/r potential in the entrance channel and there is no
Coulomb barrier in the exit channel. There are, therefore, two
major consequences. First, multiply-charged ion/ion reaction
rate constants are significantly greater than those of multiply-
charged ion/molecule reactions.!”> Second, ion/ion reactions are
much more exothermic and exoergic than are multiply-charged
ion/molecule reactions.

The thermodynamic quantities that determine the reaction
enthalpy in the case of multiply-charged ion/ion proton transfer
reactions of the form

M-nH" +BH M- xn - DH" V" +B 1)

where M represents the neutral high-mass molecule and B
represents a neutral base, are the proton affinity of B and the
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('IH)035—<: :>—N=N—©—N=N S0y
o~

Q
10

proton affinity of (M — nH)"~ (or its equivalent, the gas-phase
acidity of M — (n — DH)®*~D~), That is:

AH., =PAB) - PAM — nH)"" )
Even singly-charged anions of the strongest acids will neutralize
protonated molecules of the highest proton affinities. Multiple
charging of the anion will tend to make the reactions even more
exothermic. In the case of electron transfer reactions of the
form

M=-—mH)"” +B"—M—-nH)'" V" +B 3)

the thermodynamics are governed by the ionization potential
of B and the electron affinity of (M — nH)**~Y~_ That is,

AH__ = EA(M — nH)'""Y7) — IP(B) 4)

This reaction is expected to be highly exothermic with virtually
any combination of radical cation and multiply-charged anion,
assuming the neutral of the radical cation to be formed in its
ground electronic state.

Ion/ion electron and ion/ion proton transfer reactions differ
from the point of view of reaction energetics, but perhaps equally
important, the nature of the products differ. In the preceding
generic example, the anionic product from proton transfer, (M
— (n — DH)*™D~, is an even-electron species that might be
formed directly via electrospray whereas the anionic product
from electron transfer, (M — nH)*®~D~, is an odd-electron
species that might be difficult to form otherwise. The following
data describe a number of experiments in which ion/ion electron
transfer is emphasized. However, results from ion/molecule
proton transfer and ion/ion proton transfer reactions are also
either presented or described to highlight the phenomenology
associated with the electron transfer reactions.

Direct Red 81. The sulfonated azo dye, Direct Red 81,
shown in Chart 1, is observed predominantly as the dianion in
the electrospray mass spectrum. Ion/molecule proton transfer
from trifluoroacetic acid admitted into the ion trap vacuum
system can be used to form the singly-deprotonated molecule
and ion trap collisional activation can subsequently be used to
induce fragmentation. Figure 2a shows the spectrum resulting
from the sequence -

(M — 2H)’” + CF,COOH —

M -H) + CFCO0™ (step1) (5)

(M — H)” — products (step 2) (6)

Step 2 involves ion trap collisional activation of the (M — H)~
ion. No fragmentation was associated with the ion/molecule
proton transfer reaction itself (data not shown). The only
products observed upon storage of the dianion in the presence
of trifluoroacetic acid corresponded in mass-to-charge to (M —
H)~ and the adduct (M — 2H + CF;:COOH)?". (The apparent
signals greater than m/z 630 in Figure 2a arise from noise that
appears at high ring electrode rf amplitudes as the ceramic



11558 J. Am. Chem. Soc., Vol. 117, No. 46, 1995

a 1000 -
341
800 |

M- H)
500 |-

Intensity (arb. units)

0 ol A l
EAASAM MARAL RAAM RARAS MAALL AARAN RASLA AN |
50 150 250 350 450 550 650

mass (m/z)
b 1200 E (M- H) :
A1ooo L 341
2
g 800 [
-
[
S 600
2 .
2 400 [ (M - 2Hf
3
£
200 +
)
° [
100 200 300 400 500 600 700
mass (m/z)
2.
C 1500 - (M - 2H)
b
[
£ 1000 |
a8
™
&
F [ 341 .
% 500 [ M-H
£ . -0,
: !
° iy — Ll 1 l
MAARLARSAABASAL AAAALSASAE MRS RAMAL BARAS) LAMMMIARAAL AARAA
100 200 300 400 500 600 700
mass (m/z)

Figure 2. (a) Product ion spectrum resulting from the ion trap
collisional activation of (M — H)~ of Direct Red 81 formed by proton
transfer from trifluoroacetic acid to (M — 2H)?". (b) The spectrum
resulting from the storage of the (M — 2H)*~ ion of Direct Red 81 in
the presence of protonated pyridine for 200 ms. (c¢) The spectrum
resulting from the storage of the (M — 2H)?" ion of Direct Red 81 in
the presence of ionized xenon for 200 ms.

spacers separating the ion trap electrodes become dirty. This
noise is not apparent in the spectra of Figures 2b and 2c because
they were acquired using resonance ejection to extend the mass/
charge range by a factor of 2 thereby avoiding use of ring
electrode rf amplitudes high enough to observe the noise.) Ion
trap collisional activation involves multiple low-energy colli-
sions with the background gases, the major component being
helium. Ion activation under these conditions is slow and tends

(16) (a) March, R. E. Int. J. Mass Spectrom. lon Processes 1992, 118/
119, 71—135. (b) Todd, J. F. J. Mass Spectrom. Rev. 1991, 10, 3—52.
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to strongly favor the lowest energy decomposition channels. !¢
It is therefore highly likely that the decomposition to yield the
product ion at m/z 341 (the fragment to the right of the cleavage
indicated in Chart 1) is the lowest energy decomposition
pathway for M — H)~.

Figure 2b shows the products observed from the reaction of
(M — 2H)?~ with protonated pyridine, i.e.:

(M — 2H)*” + C;HNH™ — [(M — H)"]* + C,H,N
— products N

In contrast to the results previously reported for the ion/ion
proton transfer reactions of multiply-charged oligonucleotide
anions with protonated pyridine, some fragmentation of the
anion is observed as a result of reaction 7. Clearly, the most
abundant fragmentation product appears to coincide with that
observed in the spectrum of Figure 2a resulting from ion trap
collisional activation of (M — H)~ (see Chart 1). Although
some fragmentation is observed, there remains an abundant
signal due to (M — H)~ despite the high exothermicity (> 100
kcal/mol) expected for such an ionfion reaction. Figure 2b
clearly suggests that more energy is transferred into (M — H)~
upon formation by ionfion reaction than by ion/molecule
reaction. However, the survival of much of the (M — H)™ ion
population initially formed by ion/ion proton transfer and the
nearly exclusive observation of the decomposition product
expected to arise from the lowest energy decomposition channel
suggest that much of the reaction exothermicity is partitioned
elsewhere and most likely as translational energy of the products.

Figure 2c shows the negative ion spectrum obtained after the
(M — 2H)?" ions were allowed to react with singly-charged
xenon cations for 200 ms. Ion/molecule proton transfer from
adventitious acidic neutrals in the vacuum system, such as
carbonic acid, also occurs over this time period and accounts
for the observation of (M — H)~. The fragment ions, however,
are not observed in the absence of the xenon cations. Electron
transfer from (M — 2H)?~ to Xe** initially yields (M — 2H)*".
However, little or no signal corresponding to this species is
observed. Rather, fragment ions appear, some of which are also
observed upon collisional activation of (M — H)~ (see Figure
2a) and some of which are not. For example, the formation of
the product ion at m/z 341 (see Chart 1) is common to ion/ion
electron transfer (Figure 2c), ion/ion proton transfer (Figure 2b),
and collisional dissociation of (M — H)~ (Figure 2a). The
highly abundant product ion that appears at m/z 565 in Figure
2c, on the other hand, which corresponds to the loss of SO,, is
essentially absent in the data of Figures 2a and 2b. While it is
not surprising that (M — H)~ and (MM — 2H)*~ share some
similar decomposition channels, it is also not surprising that
the spectra of their decomposition products can differ signifi-
cantly. The spectra of Figure 2 clearly demonstrate that ion/
ion electron transfer can induce new chemistry, as reflected by
the enhancement of SO, loss.

The relative absence of the singly-charged radical anion of
the azo dye may reflect on either the kinetic stability of the
radical anion product, the energy transferred to the anion via
the electron transfer process, or both. Unfortunately, (M —
2H)*~ product ion stability and internal energy content upon
formation cannot be evaluated independently from these data.
However, the decomposition behavior of the ion suggests that
significant energy randomization occurs in the (M — 2H)*~
product ion prior to fragmentation, as reflected by cleavage
remote from the initial site of neutralization for the formation
of the m/z 341 decomposition product.

5-d(AAA)-3, 5-d(AAAA)-3, and 5’-d(AAAAA)-3'. Vari-
ous charge states of the small oligonucleotides 5'-d(AAA)-3,
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Figure 3. (a) fon/ion electron transfer spectrum arising from interaction
of d(A; — 2H)*" with xenon cations for 200 ms. (b) Product ion
spectrum resulting from the ion trap collisional activation of d(A; —
H)~.

Chart 2
?1 | A2 Az

- wy
—

] ]

] ]

] ]
N2 Nog
HO .O-Fl’f :OFI’

\ (] l

- -

a-Aq

-l
a5Ag

5-d(AAAA)-3’, and 5-d(AAAAA)-3’ have been subjected to
reactions with ionized argon, krypton, and xenon. We have
characterized the fragmentation behavior of the even-electron
anions of these species,!” along with a much larger suite of
molecules, using ion trap collisional activation. The closed-
shell anions of these species fragment by loss of adenine (A)
either as an anion or as a neutral,'® followed by cleavage of the
3’ C—O bond of the sugar from which the adenine was lost to
yield complementary w-type and (a-A)-type products (see Chart
2). The step-wise formation of these products has been
confirmed by multiple stages of ion isolation and collisional
activation. These same general tendencies have been observed
for a wide variety of small multiply-charged oligonucleotide
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(17) McLuckey, S. A.; Vaidyanathan, G. Unpublished Results, Oak Ridge
National Laboratory, 1995.

(18) McLuckey, S. A.; Vaidyanathan, G.; Habibi-Goudarzi, S. J. Mass
Spectrom. 1995, 30, 1222—1229.
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Figure 4. (a) Ion/ion electron transfer spectrum arising from interaction
of d(Ay — 3H)’~ with xenon cations for 200 ms. (b) Product ion
spectrum resulting from the ion trap collisional activation of d(As —
2H)*.

anions under ion trap collisional activation conditions'® and by
Fourier transform mass spectrometry.?

Figures 3—5 compare spectra resulting from the 200-ms
storage of doubly-charged d(A; — 2H)?>~ (Figure 3), triply-
charged d(A4 — 3H)>~ (Figure 4), and quadruply-charged d(As
— 4H)*~ (Figure 5) in the presence of xenon cations with spectra
obtained by collisional activation of d(A; — H)™, d(A4 — 2H)?",
and d(As — 3H)*", respectively. In all cases, some contribution
from ion/molecule proton transfer reactions, arising from the
presence of acidic neutrals in the vacuum system, to yield lower
charge state even-electron anions is observed. In no case is a
significant signal due to an odd-electron electron transfer product
anion, such as d(A; — 2H)*~, observed. Rather, a number of
fragmentation products are observed that do not appear in the
absence of xenon cations. Like the case of the dianion of the
azo dye Direct Red 81, ion/ion electron transfer appears to
induce fragmentation in essentially 100% of the initially formed
d(Ay — (m — DH)*"~2~ product anions. (Over 90% of the
parent ion loss can be accounted for as fragment ions indicating
that ion/ion scattering does not appear to play a significant role
in parent ion loss.) Interestingly, most of the fragmentation
observed can be rationalized based on the loss of adenine
followed by cleavage at the sugar to yield w-type and (a-A)-
type products, which generally parallels the behavior of the
even-electron ions of the same charge state under ion trap

(19) (a) McLuckey, S. A.; Van Berkel, G. J; Glish, G. L. J. Am. Soc.
Mass Spectrom. 1992, 3, 60—70. (b) McLuckey, S. A.; Habibi-Goudarzi,
S. J. Am. Chem. Soc. 1993, 115, 12085—12095. (c) McLuckey, S. A,;
Habibi-Goudarzi, S. J. Am. Soc. Mass Spectrom. 1994, 5, 740—747.

(20) Little, D. P.; Chorush, R. A.; Speir, J. P.; Senko, M. W.; Kelleher,
N. L.; McLafferty, F. W. J. Am. Chem. Soc. 1994, 116, 4893—4897.
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Figure 5. (a) Ion/ion electron transfer spectrum arising from interaction
of d(As — 4H)*~ with xenon cations for 200 ms. (b) Product ion
spectrum resulting from the ion trap collisional activation of d(As —
3H)*.

collisional activation conditions (see Chart 2). However, there
are also subtle but significant differences. Each parent ion is
discussed in turn below with reference to ion trap collisional
activation results derived from the even-electron anion of the
same charge state.

Virtually all of the ions in Figure 3a, aside from the d(A; —
2H)?>~ and d(A; — H)™ ions, are presumed to arise from
fragmentation of d(As — 2H)*~ formed from ion/ion electron
transfer, since they are not observed in the absence of rare-gas
cations. The ions labeled as w;~, w7, and (a2 — A)~ in Figure
3a are all observed upon ion trap collisional activation of d(A;
— H)~ (Figure 3b). This suggests that the d(A; — 2H)*~ anion
fragments by a similar two-step mechanism in which the base
is lost first followed by cleavage at the sugar. While the w-type
ions could be formed directly, the (a; — A»)~ anion cannot. A
major difference between Figure 3a and Figure 3b, however, is
that essentially no signal is observed that corresponds to loss
of the base following ion/ion electron transfer whereas loss of
a neutral molecule of adenine is the base peak in the collisional
activation spectrum. Based on these observations, the observa-
tions with Direct Red 81, and the data described below, we
surmise that sufficient energy is present in the initially formed
d(A3; — 2H)*~ anion population to cause both the first step, loss
of base, and the second step, cleavage at the sugar, to proceed
to completion. However, it is also noteworthy that only minor
further fragmentation is observed. That is, the first two steps
of the decomposition of the polynucleotide go to completion
but relatively little contribution from additional steps is observed.
The ionfion electron transfer data acquired with argon and
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krypton ions (not shown) also show a small signal corresponding
to deprotonated adenine at m/z 134, In general, the loss of a
charged nucleobase competes with the loss of the corresponding
neutral'®!® in decompositions of oligonucleotide anions. The
observation of the A~ loss channel, which is much more
prominent for higher charge states (see below), is further
evidence for the step-wise decomposition beginning with loss
of neutral adenine.

The other major difference between Figure 3a and the
collisional activation results for the (M — H)™ ion is that an
additional fragment ion, indicated with a # sign in Figure 3a, is
observed in the ion/ion electron transfer data which cannot be
explained simply by the loss of base and a subsequent
fragmentation along the phosphodiester backbone of the oligo-
nucleotide. This fragment ion corresponds to a loss of a terminal
base and part of a terminal sugar. A possible mechanism for
this decomposition is shown in Chart 3. While other mecha-
nisms could be drawn for this loss, the major point here is that
a significant fragmentation channel is present for the radical
anion that is essentially absent in the even-electron ion of the
same charge state.

Small signals that might arise from the analogous fragmenta-
tion can also be assigned in the d(A4 — 3H)*>~/Xe** case but
the process is clearly less prominent for the larger and more
highly charged oligonucleotides. Otherwise, most of the same
overall observations made for d(A; — 2H)>~/Xe** apply in
interpreting Figures 4 and 5. For example, in the case of d(A4
— 3H)3~/Xe*" (Figure 4), by far most of the fragmentation can
be accounted for by base loss followed by cleavage at the 3’
C—O bond of the sugar. Loss of adenine as an anion is
indicated by the intense signal at m/z 134, The complementary
ion, however, is observed in significantly lower abundance.
Clearly, further fragmentation occurs leading to much of the
other fragment ion signal in the spectrum. A very weak signal
is observed that corresponds to the loss of neutral adenine.
Further fragmentation of the ion formed by loss of neutral
adenine could also account for a significant fraction of the total
fragment ion signal. It cannot be determined from these data
alone the relative contributions from fragmentation beginning -
with loss of neutral adenine vs that arising from loss of A~.
(Collisional activation of the d(A4 — 2H)?~ anion (Figure 4b)
shows loss of neutral adenine to be more prominent than loss
of A but both are observed to give rise to significant fragment
ion abundances.) However, it is clearly apparent that all of the
possible w-type and (a-A)-type fragments are observed in
significant abundance from the d(A; — 3H)*2~ anion.

Perhaps the major significant difference between Figure 4a
and the collisional activation results from d(A4 — 2H)?~ (Figure
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4b) is that formation of the complementary (a; — Az)~ and wy~
are only minor products in the collisional activation results
whereas they are prominent in the ion/ion electron transfer
results. The relative lack of contribution due to (a; — Ay~
and w,~ ions in the collisional activation data from d(A4; —
2H)?~ is attributed to the likelihood that the negative charges
tend to reside on the first and third phosphodiester linkages of
d(As — 2H)?~ to minimize Coulombic repulsion. It has been
noted that the presence of a charged phosphodiester linkage on
the 3’ side of a sugar catalyzes the loss of the base.?! The
catalytic effect of the charged phosphodiester group and the
tendency to minimize Coulombic repulsion would be expected
to minimize the formation of (a; — Aj)~ and w;™ ions, as
observed in Figure 4b. However, this is not observed from d(A4
— 3H)"~ (Figure 4a). The lack of selectivity with respect to
the competition between the various possible base losses from
d(A4 — 3H)*>~ may arise for energetic or mechanistic reasons,
or both. In any case, it may be significant that the factors
governing the competition between the various possible base
losses and, consequently, the relative contributions from the
sequence-specific second generation product ions might differ
for radical anions than for even-electron anions.

The data of Figure 5a arising from the d(As — 4H)*~/Xe'*
experiment reinforce the observations made regarding the d(A4
— 3H)3~/Xe*" results. Loss of both A~ and neutral adenine
are observed along with significant further decomposition
yielding w-type and (a-A)-type ions. Signals from all possible
channels are observed. Ion trap collisional activation results
for d(As — 3H)*~ (Figure 5b), on the other hand, show mostly
formation of w42~ and the w1~ /(as — A4)~ complementary pair.
Formation of the w,™/(a3 — A3)~ pair is a very minor process
and the w3~/(a; — Az)” pair is essentially absent. The (a; —
Aj)” ion is also quite small in Figure 5a but is more prominent
in the d(As — 4H)*/Art and d(As — 4H)*/Kr"* results
discussed below (see Figure 6). As with all of the other ion/
ion electron transfer data presented here involving multiply-
charged oligonucleotide anions, little or no primary reaction
product, d(As — 4H)"®~, is observed. As the size of the
oligonucleotide increases, the abundance of the product ions
formed by base loss increases but significant further decomposi-
tion to yield sequence informative fragmentation is also
observed.

Data for all three of the oligonucleotide anions were also
acquired with Ar** and Kr'* as the cationic reactants. Figure
6 shows the results for (a) d(As — 4H)*~/Ar'* and (b) d(As —
4H)*~/Kr** (see also Figure 5a for d(As — 4H)*~/Xe*" data).
The overall exothermicity of the reactions increases in the order
xenon (IP = 12.1 eV), krypton (IP = 14 V), argon (IP = 15.8
eV).22 However, significant differences in the extent of
fragmentation between the various cations for a given anion
are not observed. In all cases, the reactions are expected to be
highly exothermic. Although the electron affinities of the ion/
ion electron transfer products are not known quantitatively, they
are likely to be small in magnitude (<1 V) and possibly even
negative in sign.2® Therefore, the reactions are expected to be
at least 11 eV (=250 kcal/mol) exothermic. The relative

(21) (a) Cemny, R. L.; Gross, M. L.; Grotjahn, L. Anal. Biochem. 1986,
156, 424—435. (b) Phillips, D. R.; McCloskey, J. A. Int. J. Mass Spectrom.
lon Processes 1993, 128, 61—82. (c) Rodgers, M. T.; Campbell, S.;
Marzluff, E. M.; Beauchamp, J. L. Int. J. Mass Spectrom. lon Processes.
1994, 137, 121—149. (d) Habibi-Goudarzi, S.; McLuckey, S. A. J. Am.
Soc. Mass Spectrom. 1995, 6, 102—113.

(22) Lias, S. G.; Bartmess, J. E.; Liebman, J. F.; Holmes, J. L.; Levin,
R. D.; Mallard, W. G. J. Phys. Chem. Ref. Data 1988, 17, Suppl. 1.

(23) Even slightly negative values for electron affinities for multiply-
charged anions can still lead to stable dianions due to the Coulombic barrier
in the exit channel on charge separation. See, for example, ref 9d.
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Figure 6. (a) Ion/ion electron transfer spectrum arising from interaction
of d(As — 4H)*~ with argon cations for 200 ms. (b) Ion/ion electron

transfer spectrum arising from interaction of d(As — 4H)*~ with krypton
cations for 200 ms.

insensitivity of the ion/ion electron transfer spectra to the
ionization potential of the rare gases over the IP range studied
here (2.7 eV) is therefore not particularly surprising given both
that 2.7 eV is a relatively small fraction of the greater than 11
eV reaction exothermicity and that much of the reaction
exothermicity can be partitioned into product ion translation.

Rate constant measurements for ion/ion- electron transfer
reactions were not made in this work due to complications
arising from the rapid loss of rare gas cations due to charge
transfer with background gases, such as oxygen and water vapor.
However, these reactions are expected to be essentially unit
efficient, due to their high exothermicity, and should therefore
proceed at the ion/ion collision rate. The rate constants for these
reactions are therefore expected to be similar to those measured
for ion/ion proton transfer reactions®. It has already been noted
that reaction rates are maximized in the Paul trap when anion
and cation spatial overlap is maximized. It is therefore desirable
to minimize the difference in mass-to-charge ratio of the
reactants and to store them at the greatest well-depths possible.
In this regard, of the rare gas cations used in this study, xenon
cations are most useful. Xenon allows all reactant ions to be
stored at higher well-depths than can argon or krypton, which
is also desirable for storing the high mass-to-charge fragment
ions formed from the reactions. Furthermore, xenon cations
are depleted less quickly via charge transfer with background
gases.
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Conclusions

Multiply-charged high-mass anions engage in highly exo-
thermic electron transfer reactions with rare gas cations in the
gas phase. Essentially all of the odd-electron product anions
formed by this reaction in this work dissociate via relatively
low energy decomposition channels. In the case of polyade-
nylate anions, most product ions fragment by base loss followed
by cleavage at the sugar from which the base was lost, in
analogy with even-electron anions of the same charge state.
However, odd-electron anions were also observed to show
fragmentation pathways not observed from the analogous even-
electron anions. Furthermore, ion/ion electron transfer reactions
involving polyadenylate anions show contributions from all of
the major competitive decomposition channels, whereas fewer
channels are observed upon ion trap collisional activation of
the analogous closed-shell anions.

Ion/ion proton transfer reactions lead to little or no fragmen-
tation of the product ions under otherwise identical conditions.
The efficient fragmentation observed for ion/ion electron transfer
reactions could be related to limited kinetic stability of the
radical anion product, the greater reaction exothermicity as-
sociated with the electron transfer reactions studied here relative
to the ion/ion proton transfer reactions, a greater fraction of
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reaction exothermicity partitioned into product anion internal
energy, or a combination of these factors. Differences in the
fragmentation behavior observed for the even- and odd-electron
anions of the same charge state could arise from mechanistic,
structural, and energetic origins. The fact that the radical anion
presumed to be formed initially upon electron transfer was not
observed in the time frame of these experiments made difficult
a separation of structural/mechanistic contributions to the
observed fragmentation patterns from contributions from the
reaction energetics. Nevertheless, it is clear that ion/ion electron
transfer reactions involving high-mass multiply-charged anions
to yield odd-electron species can lead to behavior not observed
from even-electron species. New information might therefore
be gained that is largely complementary to that obtained by other
methods used to probe high-mass ions.
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