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Ion-Ion Reactions in the Gas Phase: 
Proton Transfer Reactions of Protonated 
Pyridine with Multiply Charged 
Oligonucleotide Anions 
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Isolated triply and doubly charged anions of the single-stranded deoxynucleotide 5’- 
c/(AAAA)-3’ were allowed to undergo ion-ion proton transfer reactions with protonated 
pyridine cations within a quadrupole ion trap mass spectrometer. Sufficiently high ion 
number densities and spatial overlap of the oppositely charged ion clouds could be achieved 
to yield readily measurable rates. Three general observations were made: (1) the ion-ion 
reaction rate constants were estimated to be 10-‘7-8’ cm3 ion-’ s-i; (2) the ion-ion reaction 
rates were found to be dependent on the reactant ion number density, which could be 
controlled by both the reactant ion number and the pseudopotential well depth, and (3) very 
little fragmentation, if any, was observed, as might normally be expected with highly 
exothermic proton transfer reactions. (J Am Sot Mass Spectrom 2995, 6, 529-532) 

T he gas phase ion chemistry of multiply charged 
biological polymers [l-5], such as oligonu- 
cleotides and proteins, is a new and growing 

area of research. Understanding the gas phase chem- 
istry of these species is important both to obtain infor- 
mation on ion mass, structure, and reactivity and to 
determine the relationship between gas phase and con- 
densed phase structure and reactivity. Gas phase ion 
chemistry studies to date have principally emphasized 
unimolecular fragmentation that follows some form of 
activation [6], and ion-molecule chemistry, which pri- 
marily involves proton transfer and H/D exchange 
reactions [7-121. The experiments described here con- 
stitute an important step in understanding the ion-ion 
chemistry associated with the reactions of multiply 
charged ions with oppositely charged ions in the gas 
phase. 

Studies of gas phase ion-ion reactions of singly 
charged species date back to very early mass spec- 
trometry experiments [13-B], whereas those that in- 
volve multiply charged ions that react with oppositely 
charged species were reported only recently [18-211. In 
studies that involve large multiply charged ions, Loo 
et al. [20, 211 allowed a mixture of ionic reactants of 
opposite polarities to react at near atmospheric pres- 
sure. Although these studies were illuminating, 
definitive conclusions were sometimes difficult to draw 
due to a mixture of products that arises from a mixture 
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of reactants. For this reason we have designed an 
experiment to isolate a single pair of reactants to clearly 
define the parent-product relationship. 

Pyridine vapor was leaked into the vacuum cham- 
ber and ionized to its radical cation by an electron 
beam directed radially into the quadrupole ion trap 
through a hole in the ring electrode. The pressure of 
neutral pyridine (l-3 X 10M7 torr) was adjusted to 
allow for efficient production of protonated pyridine 
via self-chemical ionization. Essentially all of the radi- 
cal cation was converted to protonated species within 
10 ms. 

Anions of the single-stranded deoxynucleotide 5’- 
d(AAAA)-3’ [d(A,)] [221 were electrosprayed out of 
25-pmol/pL solutions (> 90% methanol-water) at 
flow rates of 0.25-0.5 pL/min through a 120~mm-i.d. 
stainless steel needle. The homemade electrospray 
source 14, 5, 7, 8, 221 was coupled to a Finnigan-MAT 
(San Jose, CA) ion trap mass spectrometer [23, 241 
quadrupole ion trap. (Although quadrupole ion traps 
have demonstrated the capacity to trap positive and 
negative ions simultaneously 125-271, other ion trap- 
ping devices such as the Fourier transform ion cy- 
clotron resonance mass spectrometer may also simulta- 
neously trap positive and negative ions 128, 291.1 The 
triply charged anions cf(A,>3- and doubly charged 
anions d(A, + HI*- were used as reactants in separate 
experiments. 

The multiply charged anions were isolated prior to 
cation formation. Protonated pyridine served as the 
cationic reactant. The anions and cations were stored 
simuItaneously for up to 1 s. The reaction was moni- 
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tored both by the loss of parent ions and the appear- 
ance of product anions. 

Sequential proton transfers could be observed either 
by isolation of the anionic products of the first ion-ion 
reaction and further reaction with additional cations 
formed by a subsequent electron pulse or by using a 
single extended electron ionization pulse. Figure 1 
illustrates stepwise ion-ion proton transfer reactions. 
In the experiment that gave rise to Figure la, isolated 
triply charged d(AJ3- anions within a quadrupole 
ion trap mass spectrometer were allowed to react with 
protonated pyridine cations for 1 s. The spectrum indi- 
cates that some of the d(A,j3- anions underwent 
ion-ion proton transfer (1-ms electron pulse, lOOO-ms 
storage) to form doubly charged &A, + HI’- prod- 
ucts. Contributions from competitive ion-molecule re- 
actions, which arise from adventitious acidic neutrals 
in the vacuum system and produce the doubly charged 
d(A, + HI’- product, have not been subtracted and 
account for up to 20% of the doubly charged product 
ion intensity. Figure lb shows the negative ion spec- 
trum after the doubly charged d(A, + H)‘- products 
from the first ion-ion reaction were isolated and al- 
lowed to undergo a second ion-ion proton transfer 
(3-ms electron pulse, 1000~ms storage) to form singly 
charged &A, + 2H)‘-. Contributions from competi- 
tive ion-molecule reactions that produce the singly 
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Figure 1. Isolated multiply charged oligonucleotide anions were 
allowed to react with protonated pyridine cations for 1 s within a 
quadrupole ion trap mass spectrometer. The isolated triply 
charged reactant anions d(A,13- (a) undergo ion-ion proton 
transfer with protonated pyridine to form doubly charged prod- 
uct anions d(A, + HI’- and (b) isolated doubly charged prod- 
uct anions d(A, + HI’- from the first ion-ion reaction, undergo 
ion-ion proton transfer with protonated pyridine to form singly 
charged product anions d(A, + ZH)‘-. 

charged d(A, + Hj2- product were not observed over 
the time scale of the experiment. Note that for the 
same reaction time, a significantly greater fraction of 
the triply charged parent ion was converted to the 
doubly charged product than was observed for the 
analogous reaction of the doubly charged parent that 
reacted to form the singly charged product. This obser- 
vation was made despite the longer ionization time 
(larger number of positive reagents ions) used in the 
latter experiment. 

The rates of the ion-ion proton transfer reaction 
were determined by monitoring the loss of the parent 
anion as a function of time by using an excess of 
positive ions so that the anion decay would follow 
pseudo-first-order kinetics. The reaction rate was de- 
termined from a linear fit of the natural log of the 
normalized ion intensity versus reaction time. Each 
line was typically made up to 5-7 points, where each 
of these points was an average of 50 scans. All rate 
measurements were made over short reaction times 
(< 200 ms), where ion-molecule contributions to the 
rate measurements were too small to be observed. We 
observed that the rates of ion-ion reactions were de- 
pendent on the duration of the ionization pulse. The 
rates of the reactions, however, were observed to level 
off beyond 10 ms. It is likely that this “maximum rate” 
was caused by filling the trap to its maximum positive 
ion number density. 

The rate of the reaction also was observed to be 
affected by the 9 value 123, 241 at which the positive 
ions were stored. The depth of the pseudopotential 
well in which ions are stored is a function of the 9 
value. The largest number density for an ion popula- 
tion of a given mass-to-charge ratio (i.e., fastest rate) is 
predicted to occur near a 9 value of 0.78 [24]. Mea- 
surements of the relative rates of the reaction at vari- 
ous 9 values, with the same ionization time, showed a 
maximum around 9 = 0.80. The measured rate varied 
by a factor of 2 across the range of 9 values sampled 
(0.44-0.88). 

The ion number density for the cationic reactant 
On/z = 80) at a 9 value of 0.55, as approximated by 
the Del-melt pseudopotential well model, is 1.3 X lo8 
ion/cm3 123, 241. This value, which is expected to 
estimate the actual ion density within an order of 
magnitude, can be used in conjunction with the mea- 
sured reaction rate to estimate reaction rate constants. 
An ion number density of 1.3 X 10s ion/cm3 and the 
experimentally determined rate at a 9 value of 0.55 for 
d(AJ3- that undergoes proton transfer of 17 k 2 s-l, 
yield a rate constant of 1.3 f 0.2 x 10e7 cm3 ion-’ 
s-‘. This value is comparable to rate constants re- 
ported for other ion-ion reactions [13-181. A compari- 
son of the rates for d(A,13- and d(A, + H12- that 
undergo ion-ion proton transfer reactions under simi- 
lar conditions shows a fivefold reduction in the rate for 
the less highly charged species; hence, there is a corre- 
spondingly smaller rate constant (k = 2.6 + 0.4 x 10e8 
cm3 ion-’ s-‘1. 
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The ratio of the reaction rates for the triply charged 
anions and doubly charged anions is unexpectedly 
high. Based solely on Coulombic attraction, a ratio of 
1:2:3 might be expected for the relative reaction rates 
of the singly, doubly, and triply charged parent anions. 
For example, the rate constant for the electron transfer 
ion-ion reaction of He2+ and H- exceeds the rate of 
He+ reaction with H- by a factor of 2 1181. A con- 
tributing factor to the apparent enhancement in the 
reaction rate of the triply charged anions relative to the 
doubly charged anions may arise from the different 
well depths experienced by the anion reactants. In 
these studies, the triply charged anions experience a 
greater well depth than the doubly charged anions [23, 
241 and therefore are expected to occupy a smaller 
volume at the center of the trap. This could result in a 
better spatial overlap between the anion and cation ion 
clouds that yields an effective higher charge density 
for the triply charged anion than for the doubly charged 
anion. 

No attempt was made in these studies to character- 
ize the internal or translational energies of the reactant 
ions, but the presence of a light bath gas tends to 
thermalize ion populations in the quadrupole ion trap. 
The internal energies of the ion are expected to ap- 
proach the temperature of the bath gas, based upon 
the observed lifetimes of noncovalently bound species 
stored under the conditions used here [30-331. Transla- 
tional energies are also expected to be low compared 
with the relative translational energy of the collision 
partners arising from their Coulombic attraction. 

These reactions are expected to be highly exother- 
mic because the reaction enthalpies are determined by 
the difference between the proton affinity of pyridme 
and the gas phase acidities of multiply charged anion 
products. The latter have not been measured, but are 
expected to exceed 320 kcal/mol (based on values of 
highly acidic neutrals [34]), which suggests that the 
reactions are exothermic by at least 100 kcal/mol. 

Interestingly, very little fragmentation, if any, is 
observed as a result of these reactions, despite the high 
exothermicity associated with partial neutralization. A 
comparison of the tandem mass spectra of the doubly 
charged product anion formed by ion-ion reactions 
with protonated pyridine and by ion-molecule reac- 
tions with trifluoroacetic acid (McLuckey, S. A., un- 
published data) were found to be indistinguishable. 
These experiments indicate that the structures of the 
two ions formed by different methods are similar, at 
least by the time they are interrogated by collisional 
activation. Although the tandem mass spectrometry 
experiment is not expected to be sensitive to the de- 
gree of internal energy present in the product upon its 
formation, the lack of fragmentation upon formation 
suggests that the exothermicity of the ion-ion reaction 
is not efficiently partitioned into the internal modes of 
the product. This observation might be taken to imply 
that the collision complex is short lived such that the 
high relative translational energy of the reactants, de- 
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rived from their Coulombic attraction, largely remains 
as translation in the products. 

Although much is left to be learned about the dy- 
namics that govern these reactions, it is significant that 
the rate constants are large and that sufficiently high 
ion number densities and spatial overlap of the oppo 
sitely charged ion clouds could be achieved in a 
quadrupole ion trap to yield readily measurable rates. 
Additionally, two general observations were made: (1) 
the ion-ion reaction rates were found to be dependent 
on the reactant ion number density, which could be 
controlled by both the reactant ion number and the 
pseudopotential well depth, and (2) very little frag- 
mentation, if any, was observed, as might normally be 
expected with highly exothermic proton transfer reac- 
tions. A wide variety of other ion-ion reaction types 
have yet to be investigated. Given the wide range of 
ionic species that can be formed in the gas phase and 
the remarkable flexibility of ion trapping instruments 
in manipulating ions, gaseous ion-ion chemistry is 
likely to grow as an area for research in the characteri- 
zation of large multiply charged polymers. 
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