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a b s t r a c t

Ion/ion proton transfer from protonated strong gaseous bases such as pyridine and 1,8-
bis(dimethylamino)naphthalene (i.e., the proton sponge), to multiply charged anions derived from a
sulfated pentasaccharide drug, ArixtraTM, gives rise to extensive fragmentation of the oligosaccharide. This
drug serves as a model for sulfated glycosaminoglycans, an important class of polymers in glycobiology.
The extent of fragmentation appears to correlate with the proton affinity of the molecule used to transfer
the proton, which in turn correlates with the reaction exothermicity. Consistent with tandem mass spec-
trometry results, anions with sodium counter-ions are more stable with respect to fragmentation under
ion/ion proton transfer conditions than ions of the same charge state with protons counter-ions. Proton
hydrates were found to give rise to much less anion fragmentation and constitute the softest protonation
agents thus far identified for manipulating the charge states of multiply charged biopolymer anions. The
reaction exothermicities associated with proton hydrates comprised of five or more water molecules are

lower than that for protonated proton sponge, which is among the softest reagents thus far examined
for ion/ion proton transfer reactions. The partitioning of ion/ion reaction exothermicity among all of the
degrees of freedom of the products may also differ for proton hydrates relative to protonated molecules.
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. Introduction

The gas-phase manipulation of the charge states of multiply
harged ions formed via spray ionization has been effected with
on/molecule [1–4] and ion/ion reactions [5–8]. Generating condi-
ions for efficient ion/ion reactions is generally more demanding
rom the instrumentation standpoint than it is for ion/molecule
eactions. However, ion/ion reactions have been demonstrated to
e more effective than ion/molecule reactions in reducing charge
tates to arbitrarily low values. Ion/ion reactions have also proved
o be more universal than ion/molecule reactions due to the rela-
ively high exothermicities associated with essentially all reactions
f oppositely charged ions and reaction kinetics that are largely

ndependent of the chemical nature of the reactants [9]. It is also
enerally easier to control the timing and location of ion/ion reac-
ions because both reactants can be manipulated with external
elds. The unique characteristics of ion/ion reactions, therefore,
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partitioning need not be invoked to rationalize the results reported here.
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nderlie a number of applications for charge state manipulation.
or example, ion/ion reactions have been used to facilitate the
etermination of charge states [10], the simplification of electro-
pray mass spectra of mixtures of polymers such as proteins [11,12],
ligonucleotides [13], and synthetic polymers [14], the simplifica-
ion of product ion spectra in tandem mass spectrometry [15], and
or concentrating ions initially formed over a range of charge states
nto one or a few charge states [16,17].

While in some applications of ion/ion reactions, such as electron
ransfer dissociation [18], it is desirable to induce fragmentation;
or most charge state manipulation applications, it is desirable to
void fragmentation of the analyte ion. As a result of the relatively
igh potential energies associated with the reactions of ions of
pposite polarity, a number of product ion channels are accessi-
le in principle, including the fragmentation of one or both of the
eactants. The likelihood for fragmentation of an ion/ion reaction
roduct is dependent upon the reaction exothermicity, the par-
itioning of the reaction exothermicity among translational and

nternal degrees of freedom of the products, as well as the kinetic
tabilities of the products. The lifetimes of excited ion/ion reaction
roducts, for example, are particularly important in determining
he extent of fragmentation in the ion trap environment as removal
f excess energy via collisions with the bath gas and/or IR emission

http://www.sciencedirect.com/science/journal/13873806
mailto:mcluckey@purdue.edu
dx.doi.org/10.1016/j.ijms.2008.05.038
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an compete with dissociation [19,20]. Hence, in the case of elec-
ron transfer from oligonucleotide anions, it has been noted that
ragmentation decreases as the number of residues in the oligonu-
leotide anion increases [21], which is consistent with increasing
on lifetime with numbers of degrees of freedom. In the case of
eprotonation of multiply protonated peptides or proteins, frag-
entation of the cationic products from ion/ion reactions has not

een observed, even for non-covalently bound complexes [22].
n the other hand, evidence for a minor degree of fragmenta-

ion of 5′-d(AAAA)-3′oligonucleotide anions upon reaction of the
riply deprotonated species, [M−3H]3−, with protonated isobuty-
ene (C4H9

+) has been noted [23]. Protonation of the same anions
sing either protonated pyridine [24] or protonated benzoquinoline
23], showed no measurable fragmentation. This result is consistent
ith reaction exothermicity in that isobutene has a significantly

ower proton affinity than either pyridine or benzoquinoline. Very
ittle fragmentation of anions derived from 5′d(A)20-3′ was noted
pon protonation with C4H9

+ [23], which is consistent with the
ecrease in fragmentation noted in electron transfer ion/ion reac-
ions as the number of residues increased.

Protonated reagents with relatively high proton affinities can be
sed to manipulate the charge states of oligonucleotide anions with

nconsequential degrees of fragmentation. However, in exploring
he ion/ion charge state manipulation of multiply charged anions
erived from sulfated glycosaminoglycans (GAGs) we have found
hat extensive fragmentation of the anions follows from reactions
ith even the softest proton transfer reagents developed for the

harge state manipulation of oligonucleotide anions. Sulfated or
eparin-like GAGs play important roles in glycobiology and there

s a need for structural characterization tools to address the struc-
ural diversity of this class of biopolymer. For this reason, tandem

ass spectrometry has been applied to ions derived from sulfated
AGs [25–30]. The charge states and counter-ion identities of the

ons have been shown to be important factors in determining the
avored dissociation channels in tandem mass spectrometry. It is
herefore of interest to be able to manipulate charge states and
ounter-ion identities via ion/ion reaction techniques, as has been
emonstrated to be possible with other types of biopolymers. In
his work, we describe results for ion/ion reactions involving abso-
ute charge state reduction of anions derived from the electrospray
onization of Fondaparinux (ArixtraTM), an octasulfated pentasac-
haride anticoagulant drug.

. Experimental methods
.1. Materials

Fondaparinux (ArixtraTM) (methyl-O-2-deoxy-6-O-sulfo-2-
sulfoamino)-R-d-glucopyranosyl-(1 → 4)-O-ˇ-D-glucopyranuro-

p
m
i
t
i

ig. 1. Schematic diagrams of two atmosphere/vacuum interface/lens arrangements. (a) I
igh vacuum region is situated 6.49 mm after the mach reflection. (b) An interface that sa
ss Spectrometry 276 (2008) 153–159

osyl-(1 → 4)-O-2-deoxy-3,6-di-O-sulfo-2-(sulfoamino)-�-d-glu-
opyranosyl-(1 → 4)-O-2-O-sulfo-�-l-idopyranuronosyl-(1 → 4)-
-deoxy-6-O-sulfo-2-(sulfoamino)-�-d-glucopyranoside) sodium
hloride solution was obtained from Synofi-Synthelabo, which
as lyophilized and then desalted using a 1000 molecular
eight cut-off SpinCon dialyzer. The reconstituted sample was

hen diluted to 0.1 mM in water from which a 10 �M buffer
olution of water: ammonium hydroxide (98:2) was prepared
or negative electrospray. The reagents 7,8-benzoquinoline,
,8-bis(dimethylamino)naphthalene, and pyridine were all
urchased from Sigma–Aldrich (St. Louis, MO). Solutions of 7,8-
enzoquinoline and 1,8-bis(dimethylamino)naphthalene were
repared at concentrations of 1 mg/mL with solutions of 1% acetic
cid in water and water:methanol:acetic acid (79.5:19.5:1), respec-
ively. A 1% acetic acid in water solution was used to generate
roton hydrate clusters. Protonated pyridine was generated by
tmospheric sampling glow discharge ionization (ASGDI) [31].

.2. Procedures

Most experiments were performed using a Finnigan Ion Trap
ass Spectrometer (ITMS) (San Jose, CA) equipped with two

on sources described in detail previously [32]. A DC turning
uadrupole is used to direct the sequential injection of ions from
wo ion sources through the ion trap end-cap electrode. The
njection and timing of all sources are controlled by the ITMS soft-
are. Nanoelectrospray emitters were used for generating anions

nd cations, except for pyridine which was generated via ASGDI.
orosilicate glass capillaries (0.86 mm i.d., 1.5 mm o.d.) were pulled
sing a P-87 Flaming/Brown micropipet puller (Sutter Instruments,
ovato, CA) to form nanoelectrospray emitters. Anions formed from
ondaparinux were accumulated for 0.5–0.9 s followed by ion iso-
ation steps performed by using radio frequency (rf) ion isolation
amps tuned to eject ions of selected mass-to-charge ratios [33].
ations derived from the strong bases were subsequently injected

or 50–300 ms. Fondaparinux anions were then allowed to undergo
roton transfer reactions for 100–500 ms after which anion product

on spectra were obtained via resonance ejection [34]. For pro-
on hydrate ion/ion reactions with ArixtraTM anions, the reactions
ook place during the cation injection period. Calibration of the
roduct ion spectra was accomplished by using the charge states
ormed from the nanoelectrospray of a mixture of �-d-Glucose-1-
hosphate, GAILDGAILR, and Bombesin.

Experiments involving proton hydrates and Fondaparinux were

erformed on a Finnigan ITMS equipped with up to four ion sources
odified for ion–ion reactions described previously [35]. However,

n this report only two ion sources were used for ion injection
hrough the end-cap electrode of the ion trap. The order of events
n these experiments was identical to those outlined above. One

nterface designed to sample largely desolvated ions in which the aperture into the
mples cluster ions via a skimmer cone situated 0.49 mm after the mach reflection.
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ig. 2. Generalized energy diagram for a single proton transfer reaction involving a
ultiply deprotonated species of interest, (M−nH)n− , and a protonated base, BH+.

f the atmosphere/vacuum interfaces, both of which are shown
chematically in Fig. 1, was modified to maximize cluster formation
nd transmission through the interface by sampling ions 0.49 mm
eyond the mach disk via a skimmer cone rather than 6.49 mm
eyond the mach disk via an orifice in a flat plate in the original
ource design.

. Results and discussion

A generalized energy diagram for the single proton transfer from
protonated reagent species to a multiply deprotonated molecule
f interest is shown in Fig. 2. The entrance channel, depicted on
he left, is characterized by the long range 1/r attraction associ-
ted with oppositely charged ions. The exit channel shown on the

ight proceeds over an ion/neutral surface, such as that ordinar-
ly encountered in ion/molecule reactions. The reaction enthalpy is
iven by the following relation

Hrxn = PA[B] − PA[(M − nH)n−] (1)

d
1
t
9
A

Scheme 1. Structure of ArixtraTM showing major produ
ss Spectrometry 276 (2008) 153–159 155

here the proton affinity of the multiply deprotonated species is
iven by PA[(M−nH)n−] and the proton affinity of the conjugate
ase of the singly protonated species is denoted as PA[B].

It is clear from relation (1) and Fig. 2 that the energy available for
artitioning into product ions can be varied by changing either the
roton affinity of the reagent B or the proton affinity of the multiply
harged anion (via charge state). Reagent molecules of high proton
ffinity and anions of relatively low charge minimize the reaction
xothermicity.

Ion/ion proton transfer reactions involving multiply charged
eactants have shown evidence for proton transfer via a long-
ived intermediate complex (i.e., a complex that survives for many
ibrational periods) and at points on the energy surface where
eactant and product states cross [36]. The latter process can
ccur during the time of passage of the reactants through the dis-
ance of separation associated with the crossing point and need
ot involve the formation of a long-lived complex. The different
ossible reaction dynamics are relevant with respect to energy par-
itioning among the various degrees of freedom of the products,
oth internal and translational, because energy partitioning may
iffer if proton transfer occurs largely via a long-lived complex
r via a crossing on the energy surface as the reactants pass one
nother.

The results described below summarize observations made
n proton transfer reactions to anions derived from the sulfated
entasaccharide Fondaparinux (ArixtraTM), the structure of which
with protons as counter-ions) is shown in Scheme 1.

The molecule has eight sulfate groups and two carboxy-
ate groups and, as a result, tends to form multiply charged
nions upon electrospray ionization. The ion/ion proton trans-
er behavior of these ions is dependent upon the proton affinity
f the neutral species used to form the cationic reagent, the
harge state of the anion, and the extent to which protons are
eplaced by sodium ions, as illustrated below. Fig. 3 compares
he negative product ion spectra resulting from the reaction
f the [M−5H]5− ion of ArixtraTM with (a) protonated pyri-

ine (PY), (b) protonated 7,8-benzoquinoline (BQ), and protonated
,8-bis(dimethylamino)naphthalene, commonly known as ‘pro-
on sponge’ (PS). The proton affinities of these compounds are
30 kJ/mol [37], 961 kJ/mol [23], and 1028 kJ/mol [37], respectively.
ll of these reagents are relatively basic, with the proton sponge

ct ions that arise from intersaccharide cleavages.
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counter-ions, such as the sodium ion [27]. This behavior is also
ig. 3. Negative ion product spectra from the reaction of the [M−5H]5− ion of
rixtraTM with (a) protonated pyridine (PY), (b) protonated benzoquinoline (BQ),
nd (c) protonated proton sponge (PS).

eing among the most basic neutral molecules for which a proton
ffinity has been measured.

Protonated versions of each of these reagents also tend to react
ith multiply charged oligonucleotide anions without giving rise

o significant fragmentation. No fragmentation has been noted for
on/ion reactions of oligonucleotide anions with protonated BQ
r protonated PS. In contrast, all of the reagent cations formed
rom these basic molecules give rise to extensive fragmentation

f the ArixtraTM [M−5H]5− ion upon ion/ion reaction. Further-
ore, each of the reagent cations shows a tendency for attachment

o the ArixtraTM product anions (primarily to fragment ions that
rise from intersaccharide cleavages). Under the reaction condi-

r
v
u
t

ss Spectrometry 276 (2008) 153–159

ions used to collect the data in Fig. 3, consecutive ion/ion reactions
ould occur such that a mixture of products that result from attach-
ent in the first reaction step, or in subsequent reaction steps with

rst generation products ions, or a combination thereof, contribute
o the data. It is not surprising to observe cation attachment to these
nions because previous studies have shown that the charged sul-
ate functionality can give rise to relatively stable interactions with
rotonated strong bases [38]. The observation of the adduct ions is
ignificant in that it indicates that, at a minimum, a substantial frac-
ion of the reactions take place through a long-lived complex. The
ature of the fragmentation observed with these reagents qualita-
ively appears to be consistent with the order of the reagent proton
ffinities. For example, the reagents with the lower proton affinities,
hich correlates with higher reaction exothermicies (see relation

1)), show both losses of SO3 and interresidue cleavages. The loss of
O3 is known from CID experiments to be favored over interresidue
leavages when a proton counter-ion to the sulfate is present [39].
egardless of the presence or absence of a proton counter-ion in
he ArixtraTM reactant, the ion/ion reaction product is expected to
e comprised of at least one protonated sulfate group as a result of
he use of a proton transfer reagent cation. The appearance of both
ulfate loss(es) and interresidue cleavages in the post-ion/ion reac-
ion data with protonated pyridine and protonated benzoquinoline
uggests that sufficient energy is available to make interresidue
leavages competitive either as first generation or subsequent gen-
ration cleavages. While protonated proton sponge also gives rise
o extensive fragmentation, relatively little interresidue cleavage is
oted.

The exothermicity of a singly charged cation/multiply charged
nion proton transfer reaction increases with the charge of the mul-
iply charged reactant due to the role of the electrostatic potential
n the proton affinity of the anion. The results of Fig. 4, which
hows anionic product ion data for the reactions of the [M−6H]6−

nd [M−4H]4− anions in reaction with protonated benzoquinoline,
long with the data of Fig. 3b for the corresponding reaction with
he [M−5H]5− anion, illustrate the role of ArixtraTM anion charge.

It is clear from comparing the data for the three ArixtraTM

harge states (Figs. 4 and 3b) that significantly greater degrees
f fragmentation, including major contributions from interresidue
leavages, are noted as the absolute anion charge state increases.
hese observations are consistent with those obtained via charge
tate dependent collision-induced dissociation [27]. In the case
f the [M−4H]4− ion, there is even evidence for the formation of
singly charged ion with the loss of only one molecule of SO3,

lthough the abundance of this product is quite small. Neverthe-
ess, it represents three sequential ion/ion proton transfer reactions
hat result in only one apparent cleavage. As noted in Fig. 3, benzo-
uinoline attaches to interresidue cleavage products more than to
O3 loss products. It is not clear from these data why reagent cation
ttachment to SO3 loss products is not more prominent. However,
he rearrangement mechanism associated with SO3 loss from a pro-
onated sulfate group may either be inhibited by the presence of
n attached base molecule, or binding of the base molecule to the
ydroxyl group on the ArixtraTM ion that is formed by SO3 loss may
e weak (i.e., the interaction that stabilizes the adduct is destroyed
hen SO3 is lost and the adduct is therefore lost along with SO3).

The kinetic stabilities of sulfated oligosaccharide anions are also
nfluenced by the nature of the counter-ion associated with the sul-
ate groups. The facile rearrangement associated with SO3 loss from
ulfate groups with proton counter-ions is inhibited with metal
eflected in the ion/ion reactions involving ArixtraTM anions with
arious numbers of sodium counter-ions, which are readily formed
nder conditions in which de-salting is minimized. Fig. 5 illustrates
he ion/ion reaction tendencies noted for ArixtraTM anions with
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ig. 4. Negative ion product spectra from the reaction of protonated benzoquinoline
BQ) with (a) the [M−6H]6− ion of ArixtraTM and (b) with the [M−4H]4− anion of
rixtraTM.

odium counter-ions and protonated strong bases. Fig. 5a shows
he negative product ion spectrum for the [M−9H+5Na]4− anions
n reaction with protonated benzoquinoline while Fig. 5b shows the
esults for the reaction with the [M−10H+6Na]4− anion.

Consistent with collision-induced dissociation results [40–42]
he sodium counter-ion containing anions appear to be more stable
ith respect to fragmentation than the proton counter-ion-only

nions of the same charge state. (Compare Fig. 5 data with Fig. 4b,
or example.)

All of the ion/ion reaction data involving protonated strong bases
s cationic reagents are consistent with the extent of observed
ragmentation of ArixtraTM anions being related to the ion/ion reac-
ion exothermicity. Fragmentation tends to increase with anion
harge state and to decrease with increasing proton affinity of the
eagent molecule used to form the cationic reagent. Even with one
f the most basic reagents available, however, it was not possi-
le to protonate the non-metal-containing ArixtraTM anions via

on/ion reaction without inducing extensive fragmentation. For this
eason, we chose to explore the possibility for charge state manip-
lation using cluster ions, specifically proton hydrates. The use of
roton hydrates as protonating reagents has two potential advan-
ages over the use of a single protonated molecule: (i) stabilization
f the proton by clustering can lower the effective proton affin-

ty of the reagent cation and (ii) if the reaction proceeds via a
ong-lived complex, excess reaction exothermicity can be parti-
ioned into translational (and internal) modes of individual water

olecules as the long-lived complex breaks-up. In the latter sce-

p
i
c
p

ig. 5. Negative ion product spectra from the reaction of protonated benzoquinoline
ith (a) the [M−9H+5Na]4− ion of ArixtraTM and (b) with the [M−10H+6Na]4− anion

f ArixtraTM.

ario, the weakly bound nature of the reagent cation as it collides
ith the anion provides many low energy dissociation channels

eading to liberation of individual water molecules that can carry
ff excess energy.

The lifetimes of proton hydrates, (H2O)xH+, of n > 6 in the room
emperature ion trap with a background pressure of helium of the
rder of 1 mTorr are generally less than roughly 10 ms [43]. The
can time for an ion trap is on the order of tens of milliseconds. For
his reason, it is difficult to determine the distribution of proton
ydrates that enter the ion trap due to the rapid decomposition of
he higher cluster sizes on the time frame of the experiment. Fig. 6
hows a nanoelectrospray mass spectrum of a 1% aqueous acetic
cid solution acquired immediately after a cation accumulation
eriod via the interface of Fig. 1a. The large ill-defined baseline upon
hich discrete cluster ions are apparent in Fig. 6 is symptomatic

f ions fragmenting during the scan. When delay periods were
ntroduced after the ion accumulation step and prior to mass anal-
sis, the broad baseline largely disappeared and the resulting mass
pectra (data not shown) exhibited major shifts to smaller cluster
izes (x < 10). These observations indicate that the proton hydrate
istribution that is initially injected into the ion trap consists of
ignificantly larger proton hydrates than those shown in Fig. 6. The
on/ion reaction experiments involving the proton hydrates were
onducted under conditions in which the stored ArixtraTM anion

opulation was exposed continuously to proton hydrates being

njected into the ion trap along with those that evolved from larger
lusters during the ion/ion reaction period. For example, a large
roton hydrate captured early in the ion/ion reaction period might
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from proton hydrates versus protonated strong bases cannot be
ig. 6. Nanoelectrospray mass spectrum of a 1% acetic acid in water solution with
inimal delay time between the end of ion accumulation and the beginning of the
ass scan.

ndergo significant desolvation before it encounters an ArixtraTM

nion. Hence, the cationic reagent population is expected to be
omprised of a very large range of cluster sizes. The continuous
ositive reagent accumulation approach was used to maximize the

ikelihood for reactions with larger cluster sizes, which lead to reac-
ions of lower enthalpy (see below).

Fig. 7 shows the post-ion/ion reaction negative ion spectra
esulting from the reaction of the proton hydrate mixture with the
M−6H]6− (Fig. 7a), [M−5H]5− (Fig. 7b), and [M−4H]4− (Fig. 7c)
nions of ArixtraTM. It is clear in all cases that far more pro-
on transfer without dissociation takes place with the proton
ydrate mixture than with any of the protonated strong bases (see
igs. 3 and 4 for direct comparisons).

In the case of the [M−6H]6− ion, evidence for [M−7H+Na]6− and
M−8H+2Na]6− ions in the isolated reactant anion population was
pparent, along with ions of slightly lower mass (see the insert of
ig. 7(a)). The sodium containing ions as well as an ion indicated as
eing ArixtraTM that is deficient by one water molecule are appar-
nt in the charge-reduced products. It is not clear whether or not the
ower mass ion is a fragment that arises due to the ion/ion reaction.

ater loss, for example, is not a major process noted for these ions.
ather, it is likely that it is a charge-reduced version of the low mass
houlder in the isolated ion population. There is evidence for minor
roducts due to SO3 loss and these are likely due to ion/ion proton
ransfer. In the case of the [M−5H]5− ion, proton transfer without
ragmentation is clearly the most prominent process and there is a
mall degree of loss of SO3 associated with the [M−3H]3− product,
hich is formed via sequential proton transfer. Many of the other
eaks in the spectrum do not correspond to fragments that can be
eadily rationalized as arising from ArixtraTM. It is possible that at
east some of these signals may arise from chemical noise present in
he isolated ion population. The observation that little fragmenta-
ion is noted for the reactions of the [M−6H]6− ion is another piece
f evidence that the unidentified peaks in Fig. 7(b) do not arise from
ragmentation induced by the ion/ion reactions. Very little frag-

entation is associated with proton transfer to the [M−4H]4− ion,
hich stands in contrast with the results for protonated BQ (Fig. 4b).
ote that the results shown here show charge state reduction to

M−3H]3− using proton hydrates but further charge state reduc-
ion can also be effected. Each subsequent proton transfer reaction

s less likely to result in fragmentation due to the increasing kinetic
tability of the Arixtra anions due to reduction in intramolecular
lectrostatic repulsion and to lower heats of reaction for the ion/ion
eactions.

p
a
t
i

ig. 7. Negative ion product spectra from the reactions of continuously accumulated
roton hydrates with stored (a) [M−6H]6− , (b) [M−5H]5− , and (c) [M−4H]4− anions
f ArixtraTM.

The post-ion–ion product ion spectra shown in Fig. 7 show that
roton hydrates are far more effective in transferring protons to
rixtraTM without giving rise to fragmentation than even the pro-

onated proton sponge. While a difference in the partitioning of
eaction exothermicity might play a role in the observed differences
n ArixtraTM anion fragmentation resulting from proton transfer
recluded, there is also a significantly lower reaction exothermicity
ssociated with proton transfer from the proton hydrates. Hence,
he lower extent of fragmentation may simply arise from lower
on/ion reaction exothermicities. The net reaction for any given pro-
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on hydrate, (H2O)xH+, with a multiply deprotonated molecule is
iven by

M−nH]n− + (H2O)xH+ → [M−(n + 1)H](n−1)− + xH2O (2)

In contrast with the use of singly protonated molecules, the
roton affinity term in relation (1) applies to a case in which the
roton is solvated by multiple molecules. In the case of a proton
ydrate, the relevant value for use in relation (1) is the negative of
he enthalpy change associated with reaction (3):

H2O + H+ → (H2O)xH+ (3)

This value can be estimated by summing the individual �H val-
es associated with the step-wise solvation of the proton [44–47].
or example, the enthalpies associated with the step-wise solvation
f the proton to form the (H2O)8H+ ion [48] sum to −1175 kJ/mol,
hich is well in excess of the enthalpy associated with protona-

ion of the proton sponge. The bulk condensation energy of water
s roughly −44 kJ/mol so that proton transfer reactions involving
he larger proton hydrates are expected to be even less exother-

ic. In fact, at some point the proton transfer reaction can become
ndothermic. However, at room temperature in the ion trap, any
roton hydrate that might be involved in a long-lived complex with
n ArixtraTM anion will desolvate to the point at which proton trans-
er becomes exothermic. In any case, it is clear that proton hydrates
re much “softer” reagents for proton transfer to anions than are
rotonated strong neutral bases, such as the proton sponge. The
issociation of the cluster ion from a long-lived ion/ion reaction
omplex can also minimize energy deposition into the ArixtraTM

nion. Hence, cluster ions as ion/ion reaction reagents may open
dditional channels for the partitioning of reaction exothermicity.
owever, it is unclear to what extent this possibility may contribute

o the data reported here because the lower reaction exothermic-
ty alone may account for the minimal degree of fragmentation
ssociated with proton transfer from the proton hydrates.

. Conclusions

Multiply charged anions of the sulfated pentasaccharide drug
rixtraTM show extensive fragmentation upon protonation by pro-

onated pyridine, protonated 7,8-benzoquinoline, and protonated
,8-bis(dimethylamino)naphthalene. The extent of fragmentation
orrelates with the proton affinity of the molecule and the charge
tate of the anion, which correlate in turn with the exothermic-
ty of the reaction. These protonated molecules have been shown
o be effective in protonating multiply charged anions of oligonu-
leotides without giving rise to fragmentation. The ArixtraTM

nions, therefore, are particularly sensitive indicators of ion/ion
eaction exothermicity. Proton hydrates, on the other hand, give
ise to much less fragmentation of ArixtraTM anions upon proton
ransfer. Due to the high dissociation rates of proton hydrates in
he room temperature ion trap environment, the ion/ion reactions
ith proton hydrates were conducted by storing the anions while

xposing them to cations that were continuously accumulated in
he ion trap. The cationic reactants, therefore, were comprised of a
ide range of proton hydrates with some of the reactants likely to

onsist of well over a dozen water molecules. The reaction exother-
icities of proton transfer from the larger proton hydrates (n > 6)

re significantly smaller than those associated with the reactions
f the protonated strong bases mentioned above. This alone may

ccount for the lesser degree of fragmentation associated with pro-
on transfer from the proton hydrates. The use of cluster ions as
roton transfer reagents may also result in differences in the parti-
ioning of ion/ion reaction exothermicity due to the possibility for
ater loss from a long-lived ion/ion reaction intermediate. Differ-

[
[

ss Spectrometry 276 (2008) 153–159 159

nces in energy partitioning, however, need not be invoked in this
ase to account for the lesser degrees of fragmentation associated
ith the proton hydrates.
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